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ABSTRACT 
 
 
Recent developments in aircraft design have seen the Airbus A380 and the Boeing 
Dreamliner employ significant amounts of advanced composite materials. There is some 
thought however, and the motivation for this current work, that these materials continue to 
suffer a weight penalty.  In this work tests required to generate design allowables which 
accommodate environmental effects and holes are performed on Carbon/epoxy quasi-
isotropic laminates.  The test data is treated statistically to provide B-basis allowables for 
each specimen type and condition.  It was seen that the notched specimens (coupons 
containing a centrally placed through hole) displayed significantly less scatter in strength 
than unnotched specimens. This is significant when considering the widespread use of 
deterministic knock-down factors as an alternative route to obtain design allowables which 
accommodate environmental effects and/or holes. This results in an over-conservative design 
allowable being employed in subsequent structural design calculations.  The possibility for 
using notched coupons to determine design allowables was explored using the CDG (Critical 
Damage Growth) model. This showed that, given two of the three parameters, the unnotched 
and notched strength, and fracture toughness the variation in strengths could be reasonable 
predicted. This leads to a more representative design allowable by maintaining the statistical 
nature of the B-basis allowable.  During the statistical treatment of the test data it was also 
seen that although current aerospace guidelines recommend a particular distribution model 
(i.e. the Weibull distribution) this can also leads to an artificially reduced design allowable. 
These findings suggest that the use of notched specimens can lead to a reduced development 
test programme and reduced structural weight. 
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NOMENCLATURE 
 
a   Single edge notch or crack length 
a0 Whitney Nuismer average stress criterion characteristic 
a1    
Characteristic dimension of energy intense region of the Waddoups, Eisenmann and 
Kaminski model 
a2     
Average characteristic dimension of energy intense region of the Waddoups, 
Eisenmann and Kaminski model 
A A Basis allowable (95% of strength values obtained experimentally) 
b1 Point strength model characteristic distance 
b2 Minimum strength model characteristic distance 
B B Basis allowable (90% of strength values obtained experimentally) 
c Straight crack half-length  
c0 Critical damage zone length predicted by the Critical Damage growth Model 
C Critical value for MNR model 
d
 
Circular centre hole or notch diameter 
d0 Whitney Nuismer Point Stress Criterion 
E Young’s modulus 
E1 Longitudinal young’s modulus 
E2 Transverse young’s modulus 
Em Young’s modulus of matrix material 
Ef Young’s modulus of fibres 
Ex Young’s modulus along x co-ordinate 
Ey Young’s modulus along y co-ordinate 
F0 Correction factor for cracks growing from a circular hole 
FAD The standard Normal distribution function using the Anderson-Darling model 
G12 Laminate shear modulus 
Gc Critical energy release rate or Toughness 
Hc Fracture toughness equivalent parameter in the Mar-Lin model 
j Indicates jth rank of specimen strengths considered in Weibull plot 
k Kim et al. (1995) notch sensitivity factor 
kA  Tolerance factor used with an A basis allowable 
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kB  Tolerance factor used with an B basis allowable 
k0 Karlak fitting parameter relating d0 to R 
Kc Critical stress intensity factor or fracture toughness 
K0c Fracture toughness of the 0° plies 
KT Stress concentration factor for a plate of finite width 
KT∞ Stress concentration factor for a plate of infinite width 
ll Length of critical damage zone on the left hand side, in the schematic model 
lr Length of critical damage zone on the right hand side, in the schematic model 
m Pipes, Wetherhold and Gillespie exponential parameter 
Mf Mass fraction of fibre material 
Mm Mass fraction of matrix material 
Msa Mass of sample weighed in air 
∆Ms Mass difference of specimen when weighed in air and water 
n The number of specimens considered in test or analysis 
N Total number of ranked specimens considered in Weibull plot. 
PMax Maximum load 
Ps Probability of survival 
R Circular hole radius 
R0 Pipes, Wetherhold and Gillespie reference radius 
S S-basis allowable 
t The quantile of the t-distribution with n -2 degrees of freedom and  
V Mean value obtained from tabulated data for a 95% confidence level  
Vf Volume fraction of fibre material 
Vm Volume fraction of matrix material 
wl Width of critical damage zone on the left hand side, in the schematic model 
wr Width of critical damage zone on the right hand side, in the schematic model 
W Coupon/Sample width 
Y1 Finite width correction factor 
x(i) The ith smallest sample observation  
µ The sample average (mean failure strength). 
Y2 Finite width correction factor for a crack emanating from a hole 
SD Standard deviation 
α The statistical significance level applied to the Anderson – Darling model 
αˆ
 
The maximum likelihood estimators for scale parameters.   
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βˆ
 
The maximum likelihood estimators for shape parameters. 
ε Strain 
εf Failure strain 
εf 0 Strain at the geometrical mid-plane of the laminate 
εl Longitudinal strain 
εt Transverse strain 
η Factor relating to the stress in the laminate to the stress in the 0° plies 
λ Ellipse opening ratio 
ν Poisson’s ratio 
ν 12 Longitudinal Poisson’s ratio 
ν 21 Transverse Poisson’s ratio 
ρf Density of fibres 
ρm Density of matrix 
ρs Density of specimen 
ρw Density of water 
σ Strength of a specific specimen 
σ0 Unnotched laminate strength 
σ1 Remote applied stress 
σapp Applied stress for shear modulus determination 
σm Mean strength of laminate 
σN Notched laminate strength of a finite plate 
σN∞ Notched laminate strength of an infinite plate 
σy Normal stress ahead of notch 
Z Ranked strength value using the Anderson – Darling model 
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CHAPTER 1    INTRODUCTION 
1.1 Background 
In very simple terms, for aircraft to fly efficiently they need to be lightweight and 
sufficiently strong to cope with in-service loads. Consequently, the materials that aircraft are 
made from must also be lightweight and possess the appropriate mechanical properties. 
Traditionally, many aircraft structures have been built using lightweight aluminium alloys.  
Gradually, however, more and more advanced composite materials are being used in primary 
structural components such as those employed in the highly publicised Airbus A380 and, 
more extensively in the Boeing 787 Dreamliner.  This is mainly because of their high 
strength and stiffness to weight ratio. Essentially, this means that for the same weight as 
traditional metallic materials, composites can be much stronger and stiffer, if used correctly. 
This reduces fuel consumption and allows aircraft to fly further and for longer or to 
accommodate an increased payload. The polluting effects of aircraft fuel are well known and 
so there are also environmental benefits of improved fuel efficiency. As well as having a 
high specific strength and stiffness, composite materials, in particular those made from 
carbon fibre, have excellent fatigue resistance. This is a very significant property 
requirement in aircraft structures. For instance, every time an aircraft takes off and lands its 
wings will experience a significant variation in the force acting on them. This fatigue or 
cyclic loading will in fact, affect most of the aircraft structure for a variety of different 
reasons (see Figure 1.1). The high specific strength and stiffness and excellent fatigue 
properties therefore, help to make composites a good choice of material for aerospace 
structures.  
 
Although polymer matrix composites, particularly carbon fibre based composites, possess 
high specific strength and stiffness and excellent fatigue resistance, they are more sensitive 
to notches and certain environmental conditions, particularly in compression, which are 
found in aircraft applications than equivalent metals (Taig, 1972).  For this reason it is often 
only the static design allowables that are of most interest, particularly the buckling resistance 
of a notched laminate to compression in hot-wet conditions.  Furthermore, the inherent 
difference between composites and metals is partly that composite components properties are 
established during the formation of the product. Composites properties can be very 
dependent on the manufacturing process which means that full scale single piece 
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components require their in-situ properties to be validated.  Ideally, full-scale tests 
performed under the requisite environmental conditions should be conducted. However, to 
conduct full scale tests on structural components under different environmental conditions is 
expensive and impractical.   
 
 
 
Figure 1.1    Typical mechanical properties required in a metallic commercial                           
aircraft (adapted; Starke and Staley, 1996) 
 
To accommodate environmental, structural features, scale and size type issues the leading 
aviation safety certification authorities EASA and FAA recommend a Pyramid type 
approach. The Pyramid approach or Rouchon Pyramid (Rouchon, 1990 and Whitehead, 
1983) approach involves a mix of test and analysis (mostly Finite Element Analysis - FEA) 
which considers different levels of structural complexity ranging from the coupon level to 
the full-scale aircraft.  The full-scale tests at the top of the pyramid typically involve strain 
gauging the structure and loading it to design limit load.  The overall acceptance criterion for 
the structure is that the measured strain levels do not exceed those resulting from the design 
allowables generated at the coupon level.  The validity and magnitude of the design 
allowable then becomes critical in the successful development of the structure.   
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Typically,  due to the cost and practical constraints in commercial aircraft development, 
structural features and environmental effects are not tested for but are factored into larger 
scale components using knockdown factors (KDFs) provided by coupon level data tested in 
each condition. Although these are generated in isolation, the combined effect of each 
condition is calculated rather than explored directly by testing, potentially resulting in an 
unrepresentative conservative design allowable.   Furthermore, the method for generating 
design allowables directly by test is important if a representative material property is to be 
obtained. For this to be achieved the test configuration should not influence the property 
being measured.  The difficulty is that the current methods for testing composite laminates 
are generally those adapted from methods used to test metallic materials.   
 
As described earlier, composite materials behave very differently to metallic materials, 
which have a clearly defined yield stress. Composites are more sensitive to stress 
concentrations and this is significant when testing coupons as phenomena such as grip and 
edge effects, unique to composites, can lead to large variations in results.  The variation is 
important because the design allowable (B-basis) is determined by a statistical expression 
which examines the value which 90% of the test data exceeds, therefore the larger the 
variation the lower that value.   
 
The different behaviour involved with composites have historically, been dealt with by 
introducing considerable conservatism or safety margin in the design of safety-critical 
structure such as an aircraft.  However, since the certification approach for composite 
structures was developed in the early 80’s and early 90’s, the knowledge and understanding 
of composite laminate behaviour has increased significantly.   Grip and edge effects could 
conceivably be reduced if a more influential and well understood feature is designed into the 
specimen.  
 
Laminates with a circular notch or hole have been widely researched due to the varied 
likelihood of access holes and in damage being present in an aerospace structure. Therefore, 
it is postulated that notched laminate specimens are likely to display less variation in test 
results when compared to unnotched specimens. The notched specimen then becomes of 
interest with respect to reducing the number of specimens and sensitivity to test 
configuration. This forms one of the aims of this present study; whether notched specimens 
can provide an alternative route for obtaining more valid composite static design allowables. 
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1.2 Aims 
The aim of this study is to explore whether using specific specimen geometry (i.e. notched 
specimens) can provide representative design values and failure modes, and reduce the 
number of samples required to provide a design allowable, over a range of test conditions, 
using the corresponding variation and relationship between notched laminate damage and 
available predictive models. This will provide a more economic and more representative 
design allowable.  
1.3 Structure of Thesis 
The structure of this thesis is as follows. Chapter 2 comprises literature review while Chapter 
3 gives a description of the test methods and configurations used to assess the response and 
strength variation of a unnotched and notched carbon/epoxy quasi-isotropic laminate.  
Chapters 4 and 5 present basic property data and qualitative and quantitive observations, for 
the unnotched and notched laminates respectively, in cold dry, room temperature and hot wet 
conditions.  Chapter 6 examines the test data with respect to mechanical response and 
variation pertinent to the statistical methods used to generate design allowables and the data 
is examined for changes in failure mode.  In the penultimate chapter, Chapter 7, a predictive 
model which employs competing damage growth and fracture mechanics models is applied 
to the data. This uses a fitted ‘apparent’ fracture toughness to provide a means of relating the 
spread in the unnotched and notched data sets under different test conditions.  The final 
Chapter, 8, summarises the work of this project and presents suggestions for further work to 
support and extend this field of study. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Introduction 
This review covers two particular topic areas. The first is the current range of statistical 
methods used to generate composite design allowables. This is described within the context 
of commercial aircraft structures and the topic is addressed in three sections.  The second 
area of study is concerned with the study of the relationship between notched and unnotched 
material specimens. Within this part of the review well-known models now available for an 
improved understanding of the behaviour and inter-relationship of notched and unnotched 
laminate strength are considered.   
 
The first section reviews the current methods for material qualification and subsequent 
certification of aerospace structures. Section two describes the current methods for 
generating a design value, (allowable), using established statistical techniques.  The third 
section gives an overview of typical test methods available to composite materials and 
briefly discusses the benefits and drawbacks of each.   
 
The chapter is concluded with a summary. 
2.2 Materials qualification of composite structures 
2.2.1 Background to certification 
The purpose of a qualification and certification framework is to ensure that all aspects of the 
materials application are accounted for and that any reduction in strength or unexpected 
failure mode is accommodated.  The current method for achieving this is the Building Block 
approach. This methodology was developed by Whitehead, (1983) in the USA and by 
Rouchon, (1990) in Europe. A review describing the development of this approach during 
the 1980s has been conducted by Bristow, (1985). The main outcome was that the 
development was performed in a Pyramid type arrangement (Figure 2.1); this has become 
known as the Rouchon Pyramid or the Integrated Product Development (IPD) Pyramid. In 
this pyramid approach, the material specimens are organised into a hierarchy according to 
their structural complexity.  This is considered necessary as the composites mechanical 
properties are established during the forming of the structural component.  This approach 
allows the material properties and component strength and stiffness to be verified at each 
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level.  It also provides a consistent way to prepare and present structural substantiations for 
airworthiness approval. 
 
 
Figure 2.1   Rouchon Pyramid (after Rouchon, 1990) 
 
Material design allowables are extracted from the first two layers of the pyramid.  At this 
level coupon tests are performed for the range of critical loading conditions and 
environments, and key engineering constants such as tensile, compressive and shear 
strengths are obtained.  From these data, a design allowable for each condition is generated.  
The design allowables are then utilised throughout the structural design.  The acceptance 
criterion for the final structure is that the strain levels measured in the full-scale test of the 
complete structure do not exceed the magnitude indicated by the design allowables generated 
at the coupon level.  The validity and magnitude of this design allowable then becomes 
critical in the efficient and successful development of the structure. 
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One of the major factors that affect the design allowable is the capability of the material tests 
(at the lowest level of the Rouchon Pyramid) to extract a representative material property. 
This issue has been studied by Hart-Smith (1991) in which it is recognised the methods for 
testing composite laminates have been adapted from techniques used to test metallic 
materials.  This means that phenomena unique to composite laminate materials, such as free-
edge effects and grip effects contribute to comparatively large variation in strength data 
(illustrated below in Figure 2.2) from which misrepresentative or low design allowables can 
result.  
 
The large scatter is significant because the design allowable used in aircraft structural design, 
the B-basis allowable (the value at which 90% of the result exceed, with a 95% confidence), 
is a statistically based quantity.  This is described in more detail in section 2.6.   
 
 
Figure 2.2   Illustration showing that composites generally show larger variation in strength 
than their metallic counterparts and the effect on the B-basis design allowable. 
 
This variability and the lack of significant reference data on specific CFRP laminates means 
it is necessary, according to current guidelines (e.g. The Composite Materials Handbook, 
MHDBK-17, Volume 1), to test a large number of specimens (i.e. usually at least 30 for each 
material configuration) in order to determine reasonably accurate material properties.  That is 
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to say, a large variation simply means that more measurements need to be taken and this 
results in cost and time penalties.  
2.2.2 Considering the effect of environment and holes in certification 
Commercial aircraft experience extremes of the environment; routinely flying at high 
altitudes, where the conditions are cold and dry, or standing idle in airports in the tropics 
where the climate is hot and wet.  Therefore, Hot-Wet (HW) and Cold-Dry (CD) tests are 
required to obtain the environmental design allowables. This is important when employing 
composites in aircraft structures as some of the limitations in the use of advanced composites 
are their reduced performance under hot/wet environments and their susceptibility to stress 
concentrations. This is because the mechanical properties of a composite depend on the 
ability of the matrix to transfer load between fibres at the fibre/matrix interface, therefore 
any modification of the matrix through moisture and temperature will change the way the 
composite responds to an applied load.   
 
However, the influence of the fibres depends on the physical properties of the fibre. Carbon 
fibres, like glass fibres but unlike aramid fibres do not absorb a significant amount of 
moisture compared to the polymeric based matrix materials, so it is the matrix properties 
(and interface) that are often of interest when considering hot wet or room temperature 
conditions.   
 
Matrix dominated properties such as compressive strength and shear strength are more likely 
to be influenced than fibre dominated properties such the tensile strength.  These effects may 
be made worse at high temperature as the glass transition temperature Tg of the matrix is 
reduced by the presence of moisture.  However, moisture effects on matrix properties are 
often reversible.  
 
To conduct full-scale tests, at the top of the pyramid, under different environmental 
conditions is expensive and impractical.  Therefore, these effects are most economically 
assessed at the material design allowable level under specific test conditions.  In some cases 
where similar material has been environmentally tested, it is common to use a knockdown 
factor (KDF) as an alternative.  The presence of holes can also be accommodated in this 
way. Multiple knockdown factors can be used to provide the reduced strength of a 
combination of conditions (e.g. KDFopen hole x KDFhot-wet).  This method of knocking down 
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strength values is described in the context of a commercial aircraft manufacturer by Hallet 
(2004). Hallet also describes that environmental knockdown factors are used in full-scale 
tests as a ‘load enhancement’ factor whereby the required material strength is required to be 
increased to compensate for the reduction. Although a simple and convenient approach, this 
is over conservative because the combined effect in reality is not proportional to these 
multiples.   
 
It is worth noting here the mismatch of approaches. The B-basis value is a statistical 
methodology and draws on a probabilistic foundation.  The use of factors is clearly a 
deterministic approach.  This means that the variation in the base strength is assumed to be 
the same as that observed in a notched specimen, and therefore is susceptible to the same 
effects seen between the metallic and composite distributions illustrated above in Figure 2.2.  
Therefore, the reduced scatter in notched test results or indeed the effect of environment if 
experienced, do not translate into an improved B-basis design allowable.  Indeed, a review of 
the data published in MHDBK-17F, Volume 2, showed that when compared to unnotched 
specimen test data the notched results displayed a significantly narrower distribution in 
strength (See Figure 2.6).  Therefore, it is a fair comment to say that the use of a KDF, for 
notched strength, in this way is a conservative and unrepresentative approach.   
 
In the next section, the shape of the variation in strength is discussed with respect to test 
parameters and the fitting of known distribution models to the data. 
2.3 Considering the failure strength variation in laminates 
2.3.1 Overview of strength variation in composite laminates 
Three distribution models that are usually considered with respect to composite materials are 
the Weibull (Two-parameter), Normal and Lognormal distributions. In the text by Baker 
(2004), it is stated that for metals, the Normal distribution or the Lognormal distribution (for 
fatigue) is employed and that for composites it is suggested that the first model tested for 
goodness of fit is the Weibull distribution followed by the Normal and then Lognormal 
distribution.   
 
A seminal study by Whitehead (1986) also recommends the two-parameter Weibull 
distribution. This recommendation found its way into the recognised design handbook for 
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composites in the aerospace industry - MHDBK-17F, Volume 1.  The Normal distribution is 
commonly used throughout many disciplines and, although it does not give any information 
to the user regarding any physical effects, it is the simplest of the three distribution models 
considered here.    
 
The Probability Density Function (PDFN) and Cumulative Distribution Function (CDFN) as a 
function of failure strength (σ) for the Normal distribution are shown below in Figure 2.3.  
The Normal PDF curve (PDFN) is described by:- 
 
(2. 1) 

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Where σ = failure strength of a specific laminate specimen (either σ0 or σN), σm = mean 
strength and SD = Standard Deviation.  The PDF curves are a useful tool for representing the 
variation in strength results in way that allows an immediate assessment of scatter. Another 
useful way of presenting the data is to use a CDFN curve; the integral of equation 2.1. 
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The CDF curves represent the strength data in terms of the probability of survival of the 
specimen under an applied stress. A percentage probability of failure may be estimated from 
these curves. This is useful when considering risk analyses and reliability of a structure.   
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Figure 2.3   Illustration showing an example of the Normal distribution expressed as                    
the probability density function (PDF) and the cumulative distribution                                            
function (CDF) (produced by author from equations below) 
 
The Lognormal distribution is not widely used, although it has been used to represent fatigue 
data (Baker, 2004); hence it is not described in any great detail with respect to this present 
study.  The Lognormal Probability Density Function (PDFL) and Cumulative Distribution 
Function (CDFL) as a function of failure strength (σ) are shown below in Figure 2.4.  The 
probability density function for the Lognormal distribution (PDFL) curve is described by:- 
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The Lognormal distribution (CDFL) curve is described by:- 
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Figure 2.4   Illustration showing an example of the Lognormal distribution expressed as the 
probability density function (PDFL) and the cumulative distribution function (CDFL) 
 
The Weibull distribution was put forward by the Swedish engineer Wallodi Weibull 
(Weibull, 1939) and is the most commonly used distribution for dealing with failure strength 
of composite materials.  Some early work by Jones (1975) suggests that it is the Weibull 
distribution that best-fits the shape of variation in composite materials.  Menon (1963) and 
King (1986) also state that the Weibull distribution is the distribution most widely employed.  
This is mostly due to the perceived linear response of these materials to an applied load.  
 
Although the two-parameter Weibull parameter is widely used for composites and brittle 
materials such as ceramics, this is an over-simplification, as the complex failure modes 
associated with a composite material do not always exhibit the brittle characteristics 
associated with the Weibull distribution and other distributions should not be disregarded..   
 
The method for constructing the Weibull Probability Density Function (PDF) and 
Cumulative Distribution Function (CDF) as a function of failure strength (σ) seen in Figure 
2.5 below is now described.  The Weibull model probability density function (PDFW) and the 
Weibull cumulative distribution function (CDFW) are described below by equation (2. 5 and  
 (2. 6) respectively. 
 (2. 5) 
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 (2. 6) 
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The term α in the above equation is the shape parameter, sometimes called the Weibull 
modulus (m).  The shape parameter associated with the widely used two-parameter Weibull 
distribution, is representative of scatter; Jones, (1975) describes that, generally, the shape 
parameter is strongly influenced by parameters associated with manufacturing, prime failure 
mode, test specimen size, method, but less strongly by ply orientation, environment, and the 
presence of a notch (provided the prime failure mode does not change).  Jones (1975) 
suggests that the other Weibull parameter, the scale parameter β, often known as the 
characteristic strength is more influenced by constituents, ply orientation, and environment 
(over a wide range) than by process and test method. 
 
 
 
Figure 2.5   Illustration showing an example of the Weibull distribution expressed as the 
probability density function (PDF) and the cumulative distribution function  (CDF) 
(produced by author from equations below) 
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Another useful means of representing data when exploring failure modes is by using Weibull 
plots (Weibull, 1939). These graphs allow data to be plotted as a linear relationship.  This 
has been widely used in many applications and from a material standpoint can provide 
physical meaning to data.   
 
In these plots the straighter the curve the narrower the spread in the test data and this 
narrower spread could be related to consistent failure mode and location (e.g. at the edge of a 
notch), conversely the greater the potential for damage development and multiple sites the 
greater the spread in the test data.  Other features such as data which do not fit well to a 
straight line can be a result of poor quality data or can relate to the physics of the failure 
(Atherby, 2002).  
 
Lognormal data plotted on a Weibull plot will appear curved, and Weibull plots with corners 
or doglegs can indicate that that there is more one failure mode, or a mixture of modes. This 
is dealt with by identifying and classifying the disparate data separately.  Whether the 
resulting spread is representative of a particular failure mode or not, the design allowable is 
vulnerable to unsuitable or punitive selection and fitting of the data to a particular 
distribution model. This can have a deleterious effect on the design allowable (see King, 
1986).  
 
The review in the following section suggests that the best-fit distribution depends upon a 
number of conditions, such as fibre orientation, environment and type of loading.  Therefore, 
it is important that the most appropriate distribution is selected. 
2.3.2 Determining the best-fit distribution 
How well the considered data fits a particular distribution is determined by using a 
goodness-of-fit model.  The most widely used goodness-of-fit tests within the field of 
aerospace composite structures are the Anderson-Darling (AD), Chi-Square (CS) and the 
Komogorov-Smirnov (KS) methods. These models are described well in the industry 
guidelines (MHDBK-17F, Volume 1).  
 
A review of the literature now follows. Work carried out by Tenn (1981) examined the 
goodness-of-fit for a number of well-known distribution models (Normal, Lognormal and 
Weibull distribution) to tensile strength properties of glass, aramid, and carbon fibre 
Chapter 2 Literature review 
 
15 
reinforced coupons.  In the study by Tenn (1981), the CS and the KS tests for goodness-of-fit 
were used to assess which distribution best fitted the data; the KS test was concluded to be 
the better tool.  According to Philippidis (1998), the CS test needs significant amount of 
empirical data to provide valid results and therefore, is inherently unattractive.   
 
In some early work by Rich (1981), the KS test is cited as being suitable for strength 
distribution of a composite helicopter blade.  Philippidis (1998) examined the mechanical 
property distribution in CFRP filament wound (± 55°) composite using Normal, Lognormal, 
Weibull distributions.  The KS goodness of fit test was used and the data were found to fit all 
distributions.  However, the Lognormal distribution showed the best fit.  It should be noted 
in passing, that the Lognormal distribution is frequently used to represent fatigue life scatter, 
see e.g. Jones (1975) and Baker (2004).   
 
In terms of getting the best-fit, Rust et al, (1989) recommend the AD method, for statistical 
analysis of composites.  This method is better able to evaluate the property distribution tail-
sensitivity, which can be important when computing structural reliability and indeed B-basis 
allowables.  The AD test is recommended in both the aerospace metallic structure guidelines; 
the Materials Handbook, MIL 5, and MHDBK-17F, Volume 1.   
 
The AD test is described in detail by Anderson and Darling, (1952) and the procedure for 
calculating this is laid out in MHDBK-17F, Volume 1, to which the author would direct the 
reader for examples of applying the Anderson Darling test to mechanical test data.  The test 
compares the data set with the distribution using a parameter known as the observed 
significance level (OSL).  The guideline OSL, currently accepted by aerospace designers is 
that the data can be assured to fit a particular distribution model within an error of 5%. This 
critical value appears to be an arbitrary value defined by Anderson and Darling, (1952).  
 
However, before the test data can be tested for best fit, the test data must be examined 
quantitatively and qualitatively for outliers and, where multiple material batches are used, 
any significant batch-to-batch variation.  The route then taken to obtain a design allowable 
depends primarily upon the distribution of the test data.  The quantitive test for outliers is 
performed using the Maximum Normed Residual (MNR) method.   
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Although this method also appears in MHDBK-17F, Volume 1, it is described in more detail 
by Snedecor (1972) and Stefansky (1972). The MNR is described as the maximum absolute 
deviation, from the sample mean, divided by the sample standard deviation.  The MNR value 
is then compared with a critical value (C) described by the following formula: 
 
(2.7) 
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where t is described as the quantile of the t-distribution with n -2 degrees of freedom.  
 
Essentially the MNR method compares how far away from the average standard deviation 
the sample value is against a critical value. If the value exceeds the critical value, then an 
outlier has been detected and is removed from the analysis.  In MHDBK-17F, Volume 1, the 
C value is 0.05.  In addition to the text provided in this source a more detailed description of 
the statistical methods used in the development of design allowables has been provided by 
Shyprykevich (1989). 
 
2.3.3 Observation of fibre architecture and environment on the variation in 
strength. 
Examining reliable material property data available in MHDBK-17F, Volume21, as PDF 
curves it was seen that a laminate manufactured from plain weave CFRP fabric possessed 
significantly narrower variation than a similar unidirectional laminate (see Figure 2.6.).  The 
unidirectional laminate system AS4 12k/997 is recommended for use in primary and 
secondary structures suitable for elevated temperature use and the plain weave laminate 
12k/3501-6 PW is a general purpose structural CFRP laminate.  This data were treated using 
the procedures described above and were generated using the same quantity of specimens 
and the same test method (ASTM D3039-76).   
 
Although notched and unnotched data generated by the same procedures were not readily 
available this data shows that fibre architecture and the presence of ‘features’ within the 
material system can affect the scatter in strength results. Indeed, it is known that woven 
textile based laminates perform comparatively poorly in tension due to fibre waviness (see 
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Hull & Clyne, 2001 and Matthews & Rawlings 1999). However, in all cases shown in Figure 
2.6, it can be seen that the difference in mean tensile strength for the RT (room temperature) 
and HW (hot-wet) conditioned coupons is relatively small (within 10 %). Furthermore the 
scatter also remains essentially unchanged. In contrast, the unidirectional laminate in CD 
(cold-dry) conditions shows a significant increase in scatter in tensile strength.   
 
It would appear that in tensile load conditions, the environmental effect is relatively small. 
This would be expected for fibre dominated properties such as tensile strength. The fibre is 
relatively unaffected by the environmental conditions. However, under cold dry conditions, 
fibre dominated properties can be adversely affected by embrittlement. Typically, the tensile 
strength of CFRP can be reduced by as much as 20-25 % (Baker, 2004).   
 
 
 
 
Figure 2.6   Comparison of UD and woven laminates in tension in HW, CD and RT 
environmental conditions. (Data taken from MIL-17 Volume 2F, AS4 12k/997 UT and 
12k/3501-6 PW - thickness Normalised to 57-60% fibre volume) 
 
The environmental sensitivity of a composite is due to the matrix and fibre-matrix interface 
which is much more susceptible to environmental degradation. Consequently, matrix 
dominated properties such as compressions are likely to be much more sensitive to 
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environment.  Interestingly, the plain weave laminate does not show any significant increase 
in scatter at lower temperature unlike the unidirectional tapes. Nevertheless, the woven 
laminate shown in Figure 2.6 appears to show a slight decrease in mean strength of around 
10-15 % in CD conditions. This suggests that the plain weave laminate is more stable over a 
comparatively wide range of environments.  
 
Although there were no data allowing a direct comparison of notched and unnotched strength 
results available from the same source, it is reasonable to suggest that the inclusion of a 
circular notch would also reduce the amount of scatter in failure strength variation and that 
there would be an effect due to laminate configuration i.e. UD or multidirectional and the 
environmental conditions. 
 
2.4 Strength of notched CFRP laminates 
2.4.1 Overview of stress in CFRP Laminates 
To understand the relationship between notched and unnotched laminates, it is important to 
understand how stress develops in a laminate when loaded.  There are a number of ways of 
examining the stress in a laminate.  Unnotched carbon/epoxy laminates, for example, are 
generally analysed using Laminate Plate Theory (LPT).   
 
Laminate theory allows designers to predict the elastic properties of a composite laminate 
and hence deflections of composite structures under service loading. The problem of 
predicting damage and failure events is more complex. For this LPT is usually combined 
with a failure criterion.  
 
The standard engineering failure criteria (e.g. Tsai-Hill, Tsai-Wu and Hart-Smith and the 
maximum stress and maximum strain criteria) are essentially empirical in nature and are 
unable to deal with some aspects of composite behaviour. One limitation is, for example, 
when considering free edges in laminates, e.g. due to fastener holes and cut-outs, and the 
through-thickness stresses which occur in multi-directional laminates as a result of the 
mismatch in stiffness in different plies. These through-thickness effects, particularly near a 
free edge such as holes, can give rise to the high interlaminar stresses that can be sufficiently 
high to influence failure.    
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However, another type of approach, which is better equipped to deal with notches and holes, 
with varying degrees of success, is the micromechanics or mechanism based approach in 
which physical models are used to describe the details of the failure mechanism. Here these 
models are used to predict matrix failure phenomena; a fracture mechanics approach may 
often be taken, rather than the critical levels of stress or strain that are usually associated 
with the more engineering approaches. It is probably fair to say that while such approaches 
can provide excellent predictions of failure in a number of situations (especially matrix 
cracking), further progress is required before they will be in a form available that the 
designers can use easily.   
 
Therefore, in this section we consider the stress concentration and damage associated with 
laminates containing circular notches and some of the models that may be used to predict the 
notched strength, particularly those that consider the damage zone that forms i.e. the highly 
stressed region around the notch.  The next section considers the failure mechanism of 
composite laminates in tension and compression, this is followed by a short review of some 
of the micromechanics based models described above. 
2.4.2 Stress concentration factor 
In any material, the presence of a notch or cut-out in a plate under stress disturbs flow of 
force lines within the plate creating a stress concentration. A stress concentration is defined 
as a factor that is the ratio of the local stress, in the region of the features, to the remote 
applied stress.  If we simply consider a composite laminate as being homogenous with 
‘smeared-out’ overall elastic properties in the various directions, calculated from laminate 
theory, then the stress concentration factor (KT) at a circular hole may be written as (Nuismer 
and Whitney, 1975): 
(2.8) 
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where Ey and Ex are the modulus of elasticity in the x and y direction, Gxy is the Shear 
modulus and is the Poison’s ratio νxy.  
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Typical values for the stress concentration are shown in Table 2.1 for a range of lay-ups of 
CFRP laminates.  Note that for a quasi-isotropic lay-up the stress concentration factor in 
Table 2.1 is three; for an isotropic material, the presence of a circular hole in a plate under 
tension, also gives rise to a stress concentration factor (SCF) of three at the edge of the hole.   
However, it can be seen in Table 2.1 that for other lay-ups comprising more directional plies 
the stress concentration factor is substantially higher. Therefore, it is clear that the SCF in a 
composite laminate depends primarily on the lay-up. 
 
 
Table 2.1   Typical stress concentration factor, KT, at circular holes in various CFRP laminate 
lay-ups (values calculated using ply property data for material system XAS/914, Smith 2004)  
Lay-up KT 
Unidirectional, 0° 6.75 
(0/90)s 4.97 
(0/±45)s 3 
Quasi-isotropic, (0/±45/90)s 3 
 
 
The lay-up clearly has a significant effect on the influence of the notch or hole in a 
composite laminate.  The unidirectional laminate being the most sensitive to stress 
concentrations due to the presence of a hole.  It is tempting to state that for a brittle material 
the notched strength would simply be the unnotched strength divided by the stress 
concentration factor.  In reality, the damage prior to catastrophic failure, known as sub-
critical damage, especially when considering damage around a hole, the damage is complex 
and is often referred to as a damage zone.   
2.4.3 Considering the failure in notched (open-hole) laminate coupons 
Apart from plain coupons which also serve as a reference set for knockdown values, open-
hole and filled-hole coupons are also usually necessary for structural certification. Apart 
from representing access and fixing holes, these coupons are widely used for a number of 
reasons such as damage allowance and for predicting the unnotched laminate strength. 
Bearing loads experienced in loaded fastener holes can be problematic for composites and 
therefore, quasi-isotropic laminates are preferred in the region of bolted joints. This ensures 
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that at least some 0° fibres are available to support the bearing loads regardless of load 
direction. Force fitting fasteners during assembly is also a potential source of damage. 
Although this type of manufacturing damage must be allowed for, it is usually 
accommodated the design allowable attributed for impact damage.   
 
Depending on structural features and location within the airframe, each structure will 
experience specific types of impact damage. An upper-wing skin, for example, may be 
damaged by falling tools, whereas lower skins panels are more likely to be struck by stones 
thrown up during take-off and landing. BVID (barely visible impact damage) resulting from 
low energy impacts resulting from dropped tools can result in a laminate losing up to 50 % 
of its static strength. The fact that this damage cannot be easily detected means that this type 
of damage is the primary source of catastrophic failure. For this reason it is usual to assure 
structural integrity using damage-tolerance design principles, which allow the structure to 
operate safely, even after some level of damage has been experienced. Therefore, in 
certification it is crucial that the residual strength after damage is evaluated.  
 
The analysis requirements for the damage tolerance will usually include the prediction of 
defect growth caused by impact and the determination of the CAI (compressive strength after 
impact). Thus, design allowances are based on a no-damage growth philosophy. Indeed, this 
will often involve the assumption that a 6 mm diameter hole included to be representative of 
a manufacturing flaw, defect or damage can be present anywhere in the structure without 
subsequent failure.  The rationale behind this has been well studied, e.g. Soutis, (2000) and 
Soutis and Curtis (1996) who describe that for the majority of laminates they examined 
which experienced low energy impact damage, the geometry of damage through the 
thickness was roughly cylindrical. This has led to the use of comparatively simple fracture-
toughness models (Soutis, Fleck and Smith, 1991), which allows the simple technique of 
using open-hole coupons for the prediction of CAI strength as required by the certification. 
They found that the difference between the theoretical and experimental OHC (open-hole 
compression) and CAI strength was acceptably less than 10 %.  
 
In most cases, when predicting CAI strength through this route it, a 6 mm diameter hole in a 
25 mm wide coupon is considered adequately representative. One reason for this is that 
aircraft parts are often inspected using automated equipment that scans the surface in 
intervals of 6 mm. It is important to note that the size and type of impact damage is very 
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dependent on the thickness of the laminate, consequently it would be reasonable to treat this 
method of predicting CAI strength with some caution when examining various component 
geometries.  
 
During the course of this review it became apparent that an appropriate worst case scenario 
which may be tested is an open-hole coupon in compression. Having already touched on the 
subject of environmental effects on plain coupons, it is appropriate that the next section 
introduces the subject of damage development and the environmental effects on open-hole 
laminate coupons. 
2.4.4 Considering damage development in notched tensile laminates 
The damage zone is essentially the development of damage at the notch tip; this alleviates 
the stress to some extent, so that the material is significantly stronger than would be 
predicted from the assumption of brittle behaviour as stated in section 2.4.2.  This damage 
zone is analogous to the plastic zone that occurs in metals when loaded, in that energy is 
absorbed during its formation and the stress at the edge of the hole is reduced.   
 
Consequently, it is considered that the larger the damage zone, the greater the toughness of 
the laminate (i.e. its ability to absorb energy and reduce stress concentration – Soutis, 2000); 
the result often being a delay in fracture and therefore a higher failure stress. 
 
Much work has been done in exploring the extent and type of damage in composite 
laminates with a notch or hole.  Kortschot and Beaumont (1991), for instance, studied the 
damage zone and the sub-critical damage (i.e. damage not immediately resulting in 
catastrophic failure) and the effect it had on the notched tensile strength of (90/0)s laminates 
containing vee notches.  It was seen that sub-critical damage comprises matrix cracking in 
the off-axis plies, delamination, and 0°axial-splitting (i.e. matrix cracking parallel to the 
fibres in 0° plies). It was concluded that it is this damage occurring at the notch, especially 
the 0º splits, which redistributes the stress in the vicinity of the notch and thus delays the 
onset of failure.   
 
In a laminate configured so the load is carried mostly by the 0 plies the damage zone can 
develop there at low applied stresses (i.e. the stress concentration factor is high).  Most 
usually this damage takes the form, as described above, of matrix cracking damage, splitting 
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matrix cracking parallel to the fibres in 45° and 90° plies or delamination between plies.  For 
a quasi-isotropic or multiaxial laminate, this damage development has the benefit of 
redistributing the stress around the notch, thereby lessening the severity of the stress 
concentration.  With continued increase in applied stress the damage grows and in some lay-
ups the damage may have an extent comparable to (or greater than) the notch size.  
Eventually a level of stress is reached at which catastrophic failure of the laminate occurs by 
fracture of the 0° fibres. 
    
Work by Lagace (1993) explored the effect of stacking sequence and hole diameter on the 
notched strength of a laminate.  It was found that for [0/902]s laminates, the fracture 
mechanism changed from a matrix-dominated to a fibre-dominated failure with increasing 
hole diameter. This was due to interlaminar stresses in the region around the hole edge, 
which become less influential with increasing hole radius to laminate thickness ratio.  
Laminates with large amounts of delamination prior to failure showed non-linear stress–
strain curves (or pseudo plastic behaviour) during loading, as opposed to those with little or 
no delamination, whose stress–strain curves described a linear-elastic type failure. 
 
Work by Hallet et al, (2009) investigates the damage mechanism in quasi-isotropic notched 
CFRP laminates. This identified the damage progression in the specimens as load was 
increased. Firstly, damage occurs at the hole edge in the form of matrix cracking in the off-
axis plies, with associated delamination. This is followed by more extensive damage at the 
hole edge in the form of larger areas of delamination between plies, which in turn allows 
damage to propagate through the thickness of the laminate and provides stress relaxation by 
splitting in the 0 degree plies. Finally, damage occurs throughout the gauge section, away 
from the influence of the stress concentration induced by the hole. Fibre failure will occur at 
some point during this sequence, dependent on the relative degree of fibre stress and extent 
of delamination. The failure strength distribution resulting from fibre failure was described 
as Weibull spread. 
 
It is known that when considering the manner in which damage develops in notched 
laminates the damage that initiates and progresses in and around a circular notch depends on 
the laminate configuration, stacking sequence, hole size (d), plate width (w) and their ratio 
(d/w).  
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2.4.5  Considering damage development in compression in notched laminates 
So far the damage zone has been described assuming a tensile load is applied.  Many studies 
concerned with damage and failure from a circular hole in a composite laminate under 
compressive load have been carried out because of interest in the open-hole compression 
(OHC) test with regard to aerospace structural certification and the generation of design 
allowables as well as the practical importance of this problem, such as failure at bolt holes. 
The unnotched compression strength is typically 50-60 % of the tensile strength and there is 
generally less damage under compressive loading than is the case for tensile loading (Soutis 
et al, 1993).  Like the damage process in tension, the damage zone development assumes 
that compression loads are supported exclusively by the 0° plies. In compression the failure 
in these plies occurs by microbuckling, which initiates at the edge of the hole and initially 
propagate stably until a critical length is reached after which microbuckling propagates 
unstably resulting in catastrophic failure of the main load bearing ply and immediate 
specimen failure.  
 
The same damage development and failure has been observed in experimental work on 
laminates containing circular notch, e.g. Suemasu (2006), studied the effect of a toughened 
notched quasi-isotropic laminates in compression and observed damage due to fibre micro-
buckling which appeared first in the 0° ply at about 70 % failure load.  The damage was 
indicated by some portion of the 0° layer buckled out from the hole surface.  This was 
followed by delamination buckling and eventual failure of the specimen.  They concluded 
that the specimens with the toughened interface showed initial damage in 0° layer and fails 
after some further increase in the load, while the specimens with a brittle interface broke 
suddenly without visible damage.  A brittle interface means failure without visible damage.  
This is because the energy is allowed to build up to an extent that the compressive stress is 
sufficiently large to fracture the fibres. 
 
As described in the tensile discussions above, the geometry of the hole with regard to the 
laminate or specimen width is also important. This scaling effect can mean that large 
specimens give a much lower strength compression result than smaller specimens (Lee and 
Soutis, 2008). As expected, it was shown that the critical failure mechanism was in the form 
of fibre microbuckling or kinking. In the open-hole specimens the strength reduction 
observed is due to hole size effect ratio (d/w) rather than specimen thickness or volume 
increase. The open hole (notched) compressive strength results obtained compare favourably 
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to predictions by a linear softening cohesive zone fracture model developed in earlier work 
by Soutis et al, (1991). This model is mentioned later in this review. 
2.4.6 Environmental effect on strength of notched laminates 
It is understood that the mechanical properties of a composite depend on the properties of its 
constituents and on the retention of the ability to transfer load between fibres by shear of the 
surrounding matrix at the fibre/matrix interface.  Hence, the changes in matrix properties 
induced by moisture uptake will be reflected in degradation of composite properties as a 
whole to the extent that the matrix controls the composite property, i.e. longitudinal tensile 
strength may be unaffected while the longitudinal compressive strength and interlaminar 
shear properties may fall significantly.   
 
Although the brittle nature of the carbon fibres restricts any significant ability to redistribute 
loads by plastic deformation at structural features such as fastener holes, some stress relief 
does occur near stress raising features such as notches and holes. As already discussed, the 
composite equivalent to the plastic zone in ductile metals is the microcracking phenomenon, 
which effectively softens the laminate in the region of the notch. As microcracking is a 
brittle phenomenon it would seem reasonable to suggest that hot-wet conditions would, 
given the right conditions, soften the matrix and increase its ability to redistribute stress 
concentrations (e.g. Jones 1999, Matthews and Rawlings, 2000, and Matthews, and Hull and 
Clyne (2001).   
 
The effect of moisture on a thermosetting matrix is compounded at high temperature as the 
glass transition temperature (i.e. softening temperature) Tg of the matrix reduces with the 
presence of moisture.  The effect of exposure to elevated temperatures on matrix properties 
is usually reversible unless the temperature exceeds the Tg, which is typically within the 
range of 150˚ C to 200˚ C for epoxies.  Although exceeding the Tg can lead to microcracking, 
these temperatures are unlikely in primary aerospace structures.  Therefore the main problem 
is, in general, the absorption of moisture.   
 
Absorbed water reduces the strength and modulus of epoxy resins through moisture-induced 
swelling which increases the free volume and plasticises the resin. Where the exposure is not 
prolonged, the original composite properties can be recovered by controlled drying.  
However, irreversible changes can occur after extended exposure where swelling has caused 
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the initiation and growth of matrix and interfacial microcracks.  This allows further moisture 
ingress leading to increased degradation. Potter and Purslow, (1983) studied hygrothermal 
response of notched multiaxial laminates in compression and concluded that the compression 
strength of a notched multi-axial CFRP is governed mostly by the factors affecting the 
stability, (e.g. resistance to microbuckling) of the fibres lying parallel to the applied load. 
These ‘out–of-plane’ failures are of particular importance.  Out-of-plane failure can be 
evident by delamination and shear failure through the specimen thickness and therefore, it is 
the resistance to microbuckling and the ability of the matrix and matrix interface to support 
those fibres.   
 
Purslow and Potter (1984) conducted compression strength tests on notched CFRP coupons 
under various environmental conditions. Fractographs revealed three basic environment-
related failure modes. They found that significant compressive notch sensitivity occurred 
only under hot-wet conditions thus underlying the importance of testing open-hole coupons 
in this condition. As expected, they found that the presence of moisture plasticizes the 
matrix, with an accompanying swelling and a reduction in the glass transition temperature 
Tg. The result of moisture alone is likely to be a relief of any stress concentration at the notch 
therefore providing an improved notched compressive strength. Exposure to temperature 
alone means less influence of plasticisation and a greater loss of modulus. These are thought 
to act in opposite directions, producing a negligible change in compression strength 
compared with RT conditions. Therefore, an increase in both temperature and moisture will 
increase plasticity but reduce the modulus.   
 
Kellas and co-workers (1990) studied the effect of several hygrothermal environments on the 
uniaxial strength of centre-notched laminates, fabricated from a standard carbon fibre-
reinforced epoxy. Dry and wet conditioned specimens were tested in tension and 
compression at a range of test temperatures. Their results indicated that, in general, 
hygrothermal environments had a beneficial effect on tensile strength but a detrimental effect 
on compressive strength. In general an increase in static tensile strength of both the plain and 
notched coupons was observed with an increase in moisture. However, the strength increase 
was limited with further increases in moisture leading to a strength reduction. The increase in 
tensile strength was attributed to residual stress relaxation and matrix toughening by 
plasticisation also observed by Potter & Purslow (1983). However, the strength reduction 
due to large moisture intake was attributed to matrix deterioration due to swelling and 
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subsequent matrix cracks. They also found that the rate of increase of the blunting 
mechanism (reduced intensity of stress concentration) was much greater in coupons with 
circular holes compared with those with sharp notches. They observed that dry specimens 
tested at elevated temperature showed same the failure mode as identical wet coupons tested 
at lower temperature. 
 
Typically, where an epoxy resin matrix is allowed to absorb significant levels of moisture, 
the interlaminar shear strength can decrease significantly resulting in a tougher composite. 
Chang and Chang (1991) found that for quasi-isotropic [0/45/45/90]2s laminates, damage 
propagated from a circular hole via matrix failure in the off-axis plies. When the damage 
reached the 0° plies, fibre breakage, and hence laminate failure, occurred.    
 
 In contrast to tensile strength, a consistent reduction in compressive strength was observed 
with increasing temperature and/or moisture content. It was found that under a hot/wet 
environment the effects of the notch geometry, which influence the tensile test results and 
the stacking sequence, disappear. It was also found that the hot/wet notched compressive 
strength of laminated composites is determined more by the net-section area of the load 
carrying material than any other factor. A later study by Soutis and Turkmen, (1997) 
investigated the moisture and temperature effects on the compressive failure of CFRP 
unidirectional laminates. Confirming that the HW environment degrades the compressive 
strength, they also examined the type of damage that occurred in the specimens; these notch 
sensitive laminates displayed out-of-plane fibre microbuckling, this was attributed to the 
reduction in matrix strength arising from elevated temperature and moisture absorption.  
 
On the other end of the thermal scale it is known that at low temperatures, although polymers 
become more brittle, certain composite properties do not degraded significantly.  The 
behaviour of CFRP at low temperatures has been studied by Sanchez et al (2002). In this 
study a reduction in strength with a corresponding drop in temperature is reported for tensile 
and bending loads. Of interest to this present study was that Sanchez et al (2002) found that 
a quasi-isotropic laminate, when compared with an equivalent cross-ply, was much more 
affected by low temperature (-150° C). It was concluded that the failure mechanism of CFRP 
in tensile conditions changes with temperature.  
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Furthermore, although it was found that, at room temperature, the matrix fails first, as the 
temperature decreases, the fibre–matrix interface is weakened and the fibres debond from the 
matrix. Differential thermal expansion would seem to be a likely candidate mechanism for 
this. Furthermore, it was found that the stiffness of the laminates increases as the temperature 
decreases. This may be due to a clamping type effect as the matrix contracts around the fibre 
bundles or the matrix modulus increases with reduced temperature.  
 
Considering the context of this study, focusing on the variation in strength, most of the 
literature examined on this subject does not refer to the failure strength distributions or 
indeed the variability in results. However, the scatter in CFRP laminates has been measured 
by Whitehead, 1986 (Volume one) who showed that of all the test data examined the tensile 
data displayed the higher Weibull shape parameter (lowest scatter) when compared to 
compression test data. This phenomenon was most pronounced in RT (Room Temperature) 
conditions and the largest variation in data was observed when testing in hot-wet conditions. 
However, they conclude by stating that composite static strength scatter, based on a 95% 
significance test, is not significantly influenced by test variables such as loading mode, 
specimen geometry, test environment and laminate lay-up.  
 
2.5 Models for notched strength of laminates 
2.5.1 Overview 
It has been seen that where classical laminate analysis is sufficient for unnotched laminates, 
notched laminates require a different approach. Models for interpreting and predicting 
notched laminate failure have been developed.  These typically make use of a damage zone 
model. Although some explanations have been put forward in the previous section, the 
manner in which the damage zone initiates and develops in composite materials containing 
discontinuities, such as holes, is complex due to the variation in damage growth and failure 
modes found in different composite systems.   
 
The challenge of predicting the notched strength of composite materials has been studied and 
researched for over 40 years. The outcome is that models have been developed that are able 
to predict the notched strength fairly accurately but these approaches are often semi-
empirical and they require calibration against at least one experimental data point. This 
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means that if any aspect of the problem changes then they need to be recalibrated.  These 
early models include those developed by Whitney and Nuismer (1974).  The point stress 
criterion (PSC) and the average stress criteria (ASC) models developed by Whitney and 
Nuismer (1974) require evaluation of the ‘characteristic distances’ (See Figure 2.7 below).  
 
For the PSC, the characteristic distance (do) represents a physical length from the tip of a 
notch over which the local stress must exceed the unnotched strength; for the ASC, the 
characteristic distance, (ao), represents a physical length from the tip over which the 
averaged value of stress equals the unnotched strength.   
 
 
 
Figure 2.7   Diagram showing (a) the average and, (b) the point stress criterion concept  
(after Whitney and Nuismer, 1974) 
 
While these semi-empirical models have the merits of being simple to apply and giving good 
agreement with experimental data, their limitations are that they do not consider the physical 
damage mechanisms that occur prior to fracture, which in practice will modify, significantly, 
the assumed elastic stress distribution in the vicinity of the notch.  Many of the early models 
are reviewed in a comprehensive document by Awerbuch and Madhukar (1985).   
 
A more informative approach is to attempt to model the evolution of damage that occurs 
within the individual plies.  For instance, Mar and Lin (1977) developed a model which is 
based on fracture mechanics and research efforts emphasis since then have been placed on 
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developing more sophisticated fracture mechanics techniques which predict progressive 
material softening or blunting at the edge of the hole prior to catastrophic fracture.   
Examples of other such models include those due to Aronsson and Bäcklund (1986), 
Eriksson and Aronsson (1990) and Soutis et al (1991). Apart from the research done by 
Soutis et al (1991), which considers the notched compression fracture (i.e. the cohesive zone 
fracture model), these studies do not really discuss whether the assumed damage growth and 
fracture path occurs during the physical fracture of the laminate.   
 
Hitchen et al (1994) developed earlier work by Soutis et al (1989) by proposing a Critical 
Damage Growth (CDG) model to predict the notched strength of short carbon fibre/epoxy 
laminates.  The work describes the progress of a stable crack growing from the edge of a a 
circular hole leading to catastrophic failure of a damage zone.  Fracture is assumed to occur 
when the stress required to advance the damage zone is equal to the stress required for 
catastrophic crack growth.  Thus, the model uses a competing mechanisms approach, which 
gives both a prediction of notched strength and the critical damage zone size.  The data 
required for the prediction of notched strength in this model are the facture toughness and 
unnotched laminate strength.  This approach is attractive as the failure criterion is based on 
simple fracture mechanics and physically meaningful parameters, whilst being easy to 
implement. Therefore, a damage growth model, originating in Soutis et al (1991), is of more 
interest. Consequently, the damage growth model is described in more detail in the next 
section. 
 
2.5.2 A Critical Damage Growth Model 
In the Critical Damage Growth (CDG) model, the applied laminate stress σ, required to grow 
a damage zone or crack to a length, c, from the edge of the hole (of radius R) is defined using 
an average stress argument and is given by: 
 
(2.9) 
∫
+
=
cR
R y
dxY
c
σσ 1
1
 
In the above equation, σy is the stress adjacent to the notch edge and Y1 is the finite width 
correction factor given by: 
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In this equation W is the width of the specimen. 
 
An isotropic fracture mechanics approach is then used to predict the point at which the 
damage zone becomes unstable and catastrophic fracture occurs. The stress required for 
catastrophic failure is given by the relation: 
(2.11) 
21 YcFK Oc piσ=
 
 
In this equation Kc is the critical stress-intensity-factor, σ1 is the remote applied stress, c is 
the length of the crack and Fo is a correction factor for cracks growing from a circular hole in 
anisotropic plate given as: 
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The parameter Y2 is a finite width correction factor for a crack emanating from a hole in an 
isotropic plate and is given by: 
(2.13) 
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Because fracture is assumed to occur when the stress required to advance the damage zone is 
equal to the stress required for catastrophic crack growth the model uses a competing 
mechanism approach, which gives both a prediction of notched strength and the critical 
damage zone size.  The data required for the prediction of notched strength in this model are 
Chapter 2 Literature review 
 
32 
fracture toughness Kc and unnotched laminate strength.  This approach is attractive as the 
failure criterion is based on simple fracture mechanics and uses physically meaningful 
parameters, whilst being easy to implement.   
 
Work by Belmonte et al (2001) and Belmonte et al (2004) on woven fabric reinforced 
laminates shows that the CDG model can provide accurate notched strength predictions, 
while being easy to implement. This work was conducted on woven fabric laminates and as 
seen in section 2.3.4 this accommodates stress concentrations. However, also of importance, 
in this present study is the effect of variation in both the unnotched strength and the fracture 
toughness Kc.  This asks the question whether the variation of unnotched specimens can be 
translated into a variation in the notched specimen or vice versa, thus allowing prediction of 
B-basis allowables from either set of data.   
 
Although the scatter in data is not presented by Belmonte et al (2004) the model provides a 
convenient method of examining the relationship between notched and unnotched strength. 
The narrower spread in strength results for the plain weave laminate (shown in Figure 2.6) 
may be providing a stress concentration similar to that of a circular notch, therefore making 
the application of this model valid. This will be explored in this present study. 
 
2.5.3 Considering the prediction of notched strength using micro-mechanics modes 
in HW and CD conditions 
An analysis of the hygrothermal effects on the compressive strength of multiaxial CFRP 
laminates was conducted by Soutis, (2008). In this study, the HW specimens always failed 
because of out-of-plane microbuckling of the 0 degree plies. In hot-dry and hot-wet 
conditions in compression, the matrix and interface play an important role in providing side 
support to fibres and consequently resistance to fibre buckling.  This was attributed to the 
reduction in matrix strength properties and the weakening of the ply interface arising from 
elevated temperatures and moisture absorption (Soutis and Turkmen, 1997). The results were 
compared to theoretical predictions made by the Budiansky fibre micro-buckling model and 
the cohesive zone model (Soutis et al, 1991) for notched compressive strength. It was shown 
that the cohesive zone model was successfully applied to predict the open hole compressive 
strength of two multiaxial laminates tested in hot dry and hot wet environments using 
appropriate fracture mechanics parameters for the test condition under consideration.  A 
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search for studies that implement micro-mechanic type models for laminates in CD 
conditions did not reveal any results. 
 
2.5.4 Using notched strength models in the derivation of design allowables 
Notched specimens are used for generating design allowables, (or a KDF), with respect to 
structures containing holes. As described earlier, notched strength is also a useful test for 
residual impact strength. However, in this present study, the use of notched specimens and 
the knowledge of their behaviour are employed to explore the relationship with unnotched or 
plain specimens. The apparent success of the Soutis model, based on work reported in the 
paper by Soutis et al, 1991, (described in the previous section), in providing notched strength 
predictions in hot-wet conditions means that this is potentially a suitable model for this 
application.  It is postulated therefore, that there may be some potential for obtaining 
material properties of unnotched laminates and vice versa. This could lead to the removal of 
the need for unnotched specimens to be tested and support the possibility that a proportion of 
coupon level of testing may be removed from the development pyramid. 
2.6 Methods for obtaining static strength allowables 
Returning to the B basis design allowables, these values provide an assessment of the 
strength data in terms of the probability of a certain strength being achieved with a certain 
amount of confidence. The A and B basis allowables are defined as the value which 99% and 
90% of the test results achieve and, for metallic materials, are applied according to the 
requirements of the structure.  For example, for fail-safe or redundant structures the B-basis 
allowable is used.  In these structures, such as floor beams, the failure of individual elements 
would result in applied loads being safely redistributed to other load carrying members 
without exceeding the limit capacity of the structure.  For structures where a single load path 
is deemed necessary, the stricter A-basis allowable is recommended. For instance, this would 
be the situation when considering wings and fuselage sections, in which failure may result in 
catastrophic failure of the whole aircraft.  Thus the B-basis is a more tolerant allowable than 
the A-basis allowable.   
 
Metallic structural design guidelines (The Materials Handbook. MIL 5, Metallic Materials 
and Elements for Aerospace Vehicle Structures, 2003) also includes an S-basis allowable.  
This is used for elongation and reduction in area property evaluation. In cases where the A 
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and B-basis values are higher the S-basis is used in subsequent design calculations. For an 
overview, a recent review of the principles for determining design allowables for composite 
aircraft structures has been made by Wencheng (2011).  With regard to the derivation of 
composite material allowables, the more tolerant B-basis allowable is adopted for 
composites in order to avoid the large weight penalties that would result from the scatter.  It 
should be mentioned that, although a full study might include fatigue design allowables, the 
growth of damage due to fatigue, which often represents a critical design condition in metals, 
is not such a critical issue for composites.  For instance, the stress levels associated with 
critical load cases such as compression means that the stress levels are below any threshold 
levels experienced in fatigue.  Therefore, design allowables in composites are usually 
obtained by static tests rather than fatigue. 
 
A static design allowable is most easily obtained through the Normal distribution and uses 
the following expressions. 
(2.14) 
SDkB Bm )(−= σ
 
 
(2.15) 
SDkA Am )(−= σ  
 
The one-sided tolerance factors (kA and kB) may be approximated but they are readily 
available for a variety of distributions in statistics textbooks such as those by Scheaffer 
(1995) and Montgomery (2004).  For the Normal distribution, these factors are multiplied 
with the standard deviation (SD) according to the probability and confidence levels required.  
The term σm denotes the mean strength. 
 
For the Weibull distribution, obtained through the MLM (Maximum Likelihood Method), a 
different and more complex set of expressions is used.  These are given below 
(2.16) 
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Where for the B-basis; 
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(2.17) 
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 and for the A-basis; 
(2.18) 
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Where V (the mean value) is obtained from tabulated data for a 95% confidence level in the 
same way as the Normal distribution, n is the number of samples and αˆ  and βˆ  are the 
MLE (Maximum Likelihood Estimators) for scale and shape parameters respectively.  This 
approach is explained in more detail in MHDBK-17, Volume1, and for further information it 
is recommended that the reader reference this document.  For completeness, the Lognormal 
approach should also be described. This method takes the natural logarithm of the mean 
(σLm) and standard deviation (sL) of the data and applies it in the Normal approach – this is 
shown below. 
(2.19) 
LBL skB m )(exp[ −= σ  
 
Each of these methods used to obtain a B-basis allowable from test data will yield a slightly 
different value. When considering the cascade effect of the pyramid approach and the use of 
knockdown factors, as discussed in section 2.2, then this becomes important.  A full 
description of these equations can be found in MHDBK-17, Volume1. 
2.7 Summary and concluding remarks 
The study was put in context by briefly describing the certification process and the need for 
the effect of environment and holes in aerospace followed by the importance of the variation 
in composite material test results. The fitting of test data to specific distribution models was 
discussed and the three most widely used models, Weibull, Normal and Lognormal were 
described with the Weibull being the most widely used for composites, (although 
conservative) followed by the Normal then Lognormal distribution model. The use of 
Weibull plots to explore physical meaning of the test data was also discussed.   
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The failure in notched laminates and the damage development in notched laminates have 
been discussed and the environmental effect on these laminates has been described. 
Predictive models which allow the relationship between notched and unnotched laminates to 
be explored were discussed and the model used by Belmonte et al (2204) for woven fabric 
laminates was deemed useful in this study for notched specimens due to the stress 
concentration arising from the crimp.  Finally, the three main methods for obtaining B-basis 
design allowables have been described and that the method used can have an effect on the 
final design allowable.  These elements have led to the aims of the study which is to explore 
the validity of design allowables obtained using the current methods and to explore whether 
using specific specimen geometry can provide representative design values and failure 
modes, and reduce the number of samples required to provide a design allowable using 
knowledge of notched laminate damage and available predictive models.   
 
In this present thesis, the methods for extracting a design allowable are examined using a 
quasi-isotropic CFRP laminate subjected to the same extent of testing that might be 
encountered whilst generating typical design allowables.  Of particular interest is the use of 
notched or open-hole specimens as an alternative means of obtaining static design 
allowables.  These specimens, due to the presence of a highly influential stress 
concentration, are likely to display less variation in strength test results than unnotched 
specimens.  This suggests that there may be some potential for, at least, reducing the number 
of data points required, and that these specimens may provide a more representative material 
property.   
 
The usefulness of the notched specimen also extends to the possibility of predicting the 
fracture toughness of the material system. This provides a material property which may be 
used to provide a constant between the test data. Therefore, in this present study the 
estimation of fracture toughness Kc and the translation of spread between notched and 
unnotched specimens for a range of test conditions are also considered.   
 
The next chapter, Chapter 3, considers the techniques required and describes the test 
methods used to obtain test data in order to investigate the variation in strength of unnotched 
and notched test coupons at room temperature and in hot-wet and cold-dry conditions. 
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CHAPTER 3    EXPERIMENTAL METHODS 
3.1 Introduction 
This chapter describes the experimental work conducted in this study.  The aim is to perform 
a series of mechanical coupon tests that are similar to those performed as part of the 
generation of design allowables for a commercial aircraft structure.  This then enables an 
investigation of the degree and nature of scatter in property measurements associated with 
design allowable generation. Repeatability, particularly in failure mode is therefore 
paramount.  
 
A quasi-isotropic laminate was considered most appropriate for this study as this 
configuration is a widely used engineering laminate particularly where access holes and 
structural features are required. 
 
Baseline or control data will be obtained from RT testing of plain coupons. The effect of 
environment alone will be examined by testing plain coupons in HW and CD conditions. 
Equally, notch effects may be examined alone by testing at RT and then comparing the 
results with HW and CD results. The comparisons of plain RT against notched CD and HW 
will serve to underpin the design allowable validation and compare the difference in the 
failure strength distribution (FSD).   
 
The structure of this chapter is arranged so that a description of the methods used to generate 
the test data is provided. The properties of the study material and the preparation of the 
sample laminates are described. This is followed by a description of the test set-up and the 
type of specimens used. Techniques used to measure the load-strain characteristics are 
described and the conditioning of the HW and CD specimens is explained. The penultimate 
section provides an explanation of how the mechanical tests were performed followed by a 
summary.   
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3.2 Material properties and sample fabrication 
3.2.1 Introduction 
This section describes the properties of the constituent materials and the fabrication and 
construction of a quasi-isotropic carbon fibre reinforced polymer (CFRP) composite 
laminate.  The method for preparing the specimens is also described. A discussion explaining 
the choices made regarding the test methods is also given.  
3.2.2 Material properties 
The material obtained for this study was a carbon/epoxy prepreg supplied by Advanced 
Composites Group (ACG – now UMECO), the material is designated MTM44-1®.  The ply 
has an approximate mass of 140 g m-2 and a cured ply thickness of 0.125 mm.  Typical ply 
properties are shown in Table A.1 in the appendices.   The laminate was fabricated from two 
different batch rolls (A and B).  The reinforcement is unidirectional using a high tensile 
strength (HTS) polyacrynitrile (PAN) based carbon fibre supplied by Tenax GmbH 
(designated as HTS 5631).  Tables showing constituent properties can be seen in the 
appendices. 
3.2.3 Sample size 
Earlier in this thesis, it has been explained that some of the main concerns in obtaining 
realistic design allowables from tests are the number of samples used and the quality of fit of 
distributed property data and the associated estimation of the distribution model parameters. 
Fortunately, many of these factors have been well researched and are well explained in 
MHDBK-17, Volume. The number of specimens required by these recommendations, for a 
robust evaluation of a single condition, is 30.  
 
To obtain a good data fit, a significantly large number of measurements are required. As 
already discussed, there are likely to be instances where the stress concentration at the grips 
provides an invalid failure mode or unrepresentative strength value. In this study particular 
interest is in the compression specimen results; therefore it was ensured that a minimum of 
30 unnotched compression specimens could be extracted from the sample laminate (section 
Figure 3.5). 
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3.2.4 Sample fabrication 
Quasi-isotropic laminate sample plates with ply orientations of (+45/0/-45/90)4s were 
fabricated by the method now described.   
 
To prevent the onset of room temperature curing and moisture uptake the prepreg rolls were 
stored at -18° C in a sealed bag. When required a suitable quantity of material appropriate for 
the batch being manufactured that day was taken out of the freezer and allowed to thaw for 
six to eight hours before removing it from the bag.  This time is important as it reduces the 
risk of condensation forming on the material as it thaws. 
 
Sharp steel scissors were used for removing bulk material from the roll.  This material was 
then cut into 300 mm x 300 mm squares, using a sharp stainless steel knife. Each piece was 
cut so that the fibres were orientated in a direction as defined by the lay-up table. A lay-up 
table is a document that details the number, orientation and sequence of layers required for 
the laminate. To prevent degradation of the material, at the end of the working day, the 
remaining material was resealed and returned to the freezer. This process was repeated until 
all the supplied material had been cut.   
 
Once all the required layers had been cut, the next stage was to lay the laminate down.  This 
involved laying the first layer down onto an aluminium base plate covered with a PTFE 
impregnated glass fabric sheet (Released tool surface). This release sheet was cut slightly 
larger than the prepreg layers (approximately 350 mm x 350 mm) and taped to the base plate.  
The layers of prepreg were aligned carefully using a steel rule and 45º set square. When 
some layers had obvious defects, i.e. where the fibres had begun to separate, they were 
discarded and not included in the laminate.   
 
During lay-up the first and then every third layer was debulked. Debulking was necessary to 
ensure even consolidation of the laminate.  This was achieved by laying a perforated PTFE 
(Polytetrafluoroethylene) coated glass fabric sheet, approximately 25 mm larger than the 
prepreg, on top of the prepreg.  A breather/bleeder blanket was laid over the entire stack so 
that it fitted snugly within the mould.  A vacuum of 880-950 mbar (26-28 ins Hg) was then 
applied for approximately two to three minutes.    Finally, the mould top plate is laid over the 
stack and a vacuum is drawn across the stack.  After approximately three minutes the 
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vacuum is released and the breather and perforated sheet are removed and a further three 
plies are added.  This process is repeated until the lay-up is completed.   
 
As the laminate was being laid down the lay-up table was used to monitor and record the lay-
up sequence.   Following the final debulk the laminate was given a unique identification 
number and prepared for curing.  The process used to cure the final debulked stack was an 
out of autoclave (OOA) vacuum bagging process.  This means using an air-circulating oven 
with an independent facility to generate a vacuum within the vacuum bag rather than a high-
pressure autoclave.  The arrangement subsequently used for the production of samples is 
shown in Figure 3.1. The stack is prepared differently for the final stage and a more involved 
set-up, as described in the following, is required.   
 
 
 
 
Figure 3.1   Schematic of laminate lay-up 
 
At each edge of the prepreg, three 60 mm long 12 K glass tows were laid onto the surface so 
that they were perpendicular to the edge and extend approximately 50mm beyond the edge 
of the lay-up.  The perforated sheet is then re-laid and a FEP (Fluorinated Ethylene 
Propylene) release film placed on top of that.  A steel caul plate with the same approximate 
dimensions as the prepreg is then laid on top. 
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Figure 3.2   Example of two sample plates vacuum bagged and prepared for processing 
 
Finally, the heavyweight breather blanket was re-laid and the glass tows were carefully 
folded over on top of the breather blanket.  The top bagging film was placed over the top of 
the stack and a vacuum drawn on the assembly.  The prepared stack, with vacuum hose still 
attached, was placed in an air-circulating oven.  The vacuum hose was fed out through an 
access hole in the oven and attached to the vacuum pump.   
 
A thermocouple was placed on the outside of the sample area to ensure cure temperature was 
achieved (Figure 3.2). The laminates were then cured in an air-circulating oven (Carbolite® 
oven comprising Eurotherm® controller 2416CG) for a minimum of two hours at 180° C.   
 
In total, twenty-six laminates were manufactured; fourteen from sample material batch A and 
twelve from batch B. The cured laminates were given a unique identification number, 
bagged up, and stored in a dry and controlled atmosphere in readiness for specimen 
preparation. 
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The cured 300 mm x 300 mm sample plates were removed from the stack and trimmed on all 
edges by approximately 10 mm.  On the surface of the laminate, the orientation of the fibres 
in the 45° outer ply was clearly visible, allowing the edges to be accurately trimmed using an 
engineer’s 45° set square.  Once all four sides of the laminate were trimmed, the sample 
plates were sub-divided into tensile and compressive sample plates and the outlines of 
specimens were drawn onto the sample plates using a fine line black permanent marker pen 
(Figure 3.5). Tensile and compressive specimens with nominal dimensions of 280 mm x 32 
mm x 4 mm and 132 mm x 32 mm x 4 mm, respectively, were drawn onto the sample plates.  
Tensile specimens were numbered 1 – 4 according to their position from left to right.  
Compression specimens were numbered 1T-3T and 1B – 3B in a similar manner depending 
whether they were at the top or bottom of the plate.   
 
It should be noted that a number of sample plates were C-scanned to prove the manufacture 
process. C-scan images are similar to medical ultrasound images and provide a plan-view of 
laminate in the form of a colour thickness map. No significant voids or porosity was 
observed. Once manufactured each sub-plate was prepared for tabbing. 
 
3.2.5 Fibre Volume Fraction Determination 
The fibre volume fraction, for the two material batch laminates, was determined by using a 
burn-off technique.  Measuring the change in mass after a matrix burn off allows the mass of 
fibre and matrix to be determined.  This was favoured over acid digestion for its simplicity 
and speed in obtaining results.  In this study, BS EN 2564:1998 was followed as closely as 
possible.  
 
Representative laminate material was sectioned into samples, these were weighed with a 
balance accurate to 10-4 g then placed into pre-weighed porcelain crucibles and fired to 600° 
C for three hours; this ensured complete matrix burn-off.  Once sufficiently cooled the 
crucibles containing the laminate reinforcement were re-weighed.  The fibre volume 
fractions were then calculated from the relative masses and densities, of the resin matrix and 
carbon fibre reinforcement, according to the relation: 
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Where Vf is the fibre volume fraction, Mf is the mass of the fibres, Mm is the mass of the 
matrix material and ρf and ρm are the densities of fibre and matrix, respectively.  The Vf 
results for sample batches A and B were 63.8 % and 62.5 % respectively. 
 
3.3 Test arrangement and specimen preparation 
3.3.1 Test arrangement 
In Chapter 2, the importance of environment and stress concentrations in mechanical testing 
were discussed. It was also noted that current test methods are essentially based on 
techniques used to test metallic materials and that these do not necessarily accommodate the 
sensitivities of composite laminates.  Therefore, the selection of the most appropriate test 
configuration is important so that the resulting strength and failure modes are representative 
of laminate failure not specimen failure. Composite laminate specimens may fail 
prematurely due to poor gripping, misalignment for example.  This section discusses some of 
the issues involved with obtaining design allowables through testing of notched coupons and 
non-ambient conditions.   
 
Due to the potentially high loads associated with testing composites, proportionally large 
clamping forces are required to grip the specimen. Therefore, the careful control of these 
forces and the use of end tabs are important to prevent the introduction of damage and stress 
concentrations into the specimen.  Traditional, comparatively inexpensive wedge grips rely 
on large clamping forces to operate which can cause ‘brooming’ or splitting.  In section 
2.2.2, it was explained why it is important to take into account composite laminates 
sensitivity to the environment and the stress concentrations when mechanical tests are 
required.  The free edge effects and the potential for stress concentrations at the grips, 
presents difficulties when testing composite laminates. A successful test must cause failure 
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in the gauge section so failure in the tab or close to the grips is considered unacceptable. This 
difficulty can be minimised by selecting appropriate specimen geometry and tabbing 
arrangement; this is described further in the following sections. It is worth mentioning here 
that this highlights another value of using open hole coupon geometry i.e. that the stress 
concentrations at the grips is usually not as influential as the presence of the notch. 
 
Compression failure, occurs through buckling, ranging from classical column buckling of 
the entire coupon cross section to local microbuckling of fibres and eventual kink band 
formation. This means that compression tests are very sensitive to flatness and parallelism, 
and tolerances of the specimen are specified in the guidelines. Therefore, protection from 
geometry controlled buckling is necessary to obtain a higher strength value by using special 
fixtures (Figure 3.1a) and coupons with a low aspect ratio. The appropriate compression test 
method is therefore difficult to determine. 
 
 
Figure 3.3   Anti-buckling device (a) ICSTM fixture, (after Lee and Soutis, 2008)                          
and (b) ASTM D695 Fixture 
 
The main criteria, like most mechanical property tests, are that a valid failure occurs within 
the gauge area. Of major interest in this study is the determination of true scatter. 
Consequently, the large scatter associated with gripping and misalignment of the coupons 
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should be avoided. There are many methods and coupon designs and there are a number of 
tests widely used.  
 
The ITRI (Illinois Institute of Technology and Research Institute) method has become an 
ASTM standard D3410/3410M-95 and the modified ASTM D695 method 1R-94. 
Nevertheless, the SACMA standard 3R-94 is commonly used for open-hole compression 
testing.  However, when testing in environments other than room temperature, the 
potentially high warm up and cool down times and thermal expansion/contraction may cause 
the mechanisms to distort and provide uneven clamping of the specimen, meaning that this 
approach is not always the most convenient. 
 
A review of test methods for composite materials used in aerospace applications has been 
made in DOTFAACT-9317 Volumes 1, 2 and 3. However, these methods do not describe the 
use of hydraulic grips or the benefits/difficulties of employing these.  
 
As described, although there are a number of test methods currently in use, the nature of this 
study means that aerospace test methods are an attractive source of guidance. This study uses 
the Airbus in-house standards (AITM 1-008 [2004] and AITM-1007 [2004]). These test 
standards cover plain, open hole and filled hole tensile and compression testing.    
 
The type and design of test fixtures are not described, when testing coupons in these 
standards, although it is understood that at present Airbus UK test facilities will usually use 
servo-hydraulic grips alone without any fixtures or support plates. This is possible provided 
the system alignment is of a high quality and the coupons are of sufficient thickness, gauge 
length and width to avoid macroscopic buckling.   In this present study, servo-hydraulic 
grips are used which means that the clamping force can be controlled to prevent crushing in 
compression, and splitting in tension and giving premature failure and misleading failure 
modes.  This arrangement has obvious advantages for HW and CD testing, and the ability to 
use the same coupon dimensions for all compression tests makes the Airbus guides, AITM 1-
008 [2004] and AITM-1007 [2004]), very desirable for this study. The coupon geometry 
recommended in these guides can be seen in Figure 3.4. 
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3.3.2 Specimen preparation 
This section explains the techniques used to prepare and condition test specimens for 
mechanical testing, including the method of introducing notches, the end tabbing, and the 
pre-conditioning of the coupons. 
 
The testing standards state that valid failure modes are those occurring away from the 
machine grips that hold the coupon in place. Therefore, specimen geometry is also 
important.  As described earlier, edge effects can also be a problem for some laminate lay-
ups. To alleviate this, in some cases, specimens that have a narrow waist, such as those 
recommended by Hart-Smith (1991), are used to reduce edge and grip effects when tensile 
testing but they are comparatively costly to produce. The expense of producing these at the 
relatively high specimen quantities required for this study means that parallel sided coupons 
are preferred. Therefore, in this study for simplicity and ease of manufacture, a rectangular, 
parallel-sided specimen is used. Another reason for using rectangular specimen geometry is 
that the majority of historical data has been obtained using this specimen shape; 
consequently, most test methods use this type of specimen.   
 
The width of the specimen depends on the orientation of the fibres in the specimen.  It is 
important for multidirectional specimens such as those used in this present work, as fibre-
end effects can influence the tests.  This is done by ensuring the width of the specimen 
allows the fibres in the off-axis plies to begin and end within the free length of the coupon.  
Therefore, for a laminate containing off-axis plies with an angle of 45˚, the aspect ratio 
(gauge length / width) should not be less than one (see CRAG Test Methods, 1988).  
 
Notched or more specifically open-hole testing, can simplify the testing requirements.  In 
tensile tests, the presence of a centrally placed hole (i.e. notch) means that edge-effect and 
the stress concentrations at the grips are less influential and it is the hole that dominates 
failure.  Indeed, notched tensile tests do not necessarily require tabs for this reason.  The use 
of notched compression specimens can also alleviate the difficulties associated with Euler 
buckling as the compression damage in a notched specimen initiates at the hole edge and 
typically, for balanced and symmetrical laminates, in the region of the mid-plane.  There are 
fixtures which are recommended for use with notched compression specimens (e.g. SACMA 
SRM3R-94) but, in general, test regimes that use well-designed specimens (e.g. appropriate 
aspect ratio with respect to width and thickness) and servo-hydraulic grips can reduce the 
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need for these fixtures, for notched testing, and the difficulties they may introduce.  The use 
of notched specimens is therefore of interest and becomes a significant part of this study.  
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Figure 3. 4   Specimen details; (a) PT, (b) OHT, (c) PC and (d) OHC. In each case (l) is the 
tab length  = 50 mm).  From AITM 1-008 [2004] and AITM 1-007 [2004] 
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Figure 3.5    Schematic diagram showing an example of how the sample plates were marked 
up according to position in the sample plate. ‘T’ indicates specimens cut from the top and 
‘B’ indicates specimens cut from the bottom of the plate. The shaded portions show where 
the GFRP tabs were bonded to the sub-divided plate 
3.3.3 Tabbing requirements 
The consideration of the method of tabbing and gripping the coupons is important 
particularly with regard to the effect on data scatter. Furthermore, if experimentation 
involving reloading is to be carried out then end tabs should be used.  The tabs allow an even 
load transfer to the composite when the bond between the two is properly attained. Tabs can 
also be useful where coupons are thin or when aligning the specimens in the machine. 
Compression testing, without fixtures can result in poor load alignment and is a significant 
cause of premature failure.  
 
In tensile tests it is common to use tabs bonded to the ends of specimens.  Typically, the tabs 
used in composite laminate testing are made of either aluminium or GFRP (glass fibre 
reinforced polymer) with a ± 45° lay-up, the latter being particularly suited to testing at 
elevated temperature by minimising thermal expansion mismatch. Another option is to use 
specimens without tabs; this reduces preparation time but does not alleviate any stress 
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concentrations introduced by the grip and there are practical difficulties when considering 
rapid specimen transfer when attempting to fit the cloth to the specimen, and the high risk of 
grit becoming trapped in sensitive parts of the test machine. 
 
End tab material and geometry is important in obtaining accurate test data from composite 
specimens.  For instance, although GFRP may be used where thermal contraction effects are 
encountered, if the end tabs are too thin then the GFRP end-tab material will offer reduced 
protection to the test material during loading and that premature failure may be initiated in or 
near to the end-tab regions due to damage introduced during gripping.  Use of thicker, GFRP 
or homogeneous (i.e. CFRP) end-tabs can prevent gripping damage and offer greater 
protection so that premature failure is avoided.   
 
As indicated above, to minimise stress concentrations at the grips all of the specimens were 
tabbed, with GFRP tabs being used rather than aluminium tabs.  This is because when testing 
CFRP or GFRP laminates in hot-wet or cold dry conditions, the tabs will have similar 
thermal and moisture absorption properties to the specimen.  Another advantage with using 
GFRP tabs is that they are easier to bond to the sample plate and then cut when the coupons 
are cut, which means that coupon preparation times are reduced.     
 
The AITM test standards state that tabbing is optional for the notched specimens; however, 
the concern in this study is the degree of scatter that each test method offers. Therefore, to 
prevent an additional variable arising, all specimens were tabbed using GFRP and in the 
same manner, thus allowing a direct comparison of results for notched and unnotched 
specimens.   
 
The areas to be tabbed were abraded by hand using a medium grade (P100) abrasive paper.  
The tabs were manufactured using glass fibre reinforced polymer (GFRP) strips 
approximately 50 mm wide and 2 mm thick.  These were cut at an angle of 45° from a 
standard 1000 mm x 1000 mm GFRP (Tufnol® 10G/40) panel supplied by RS Components.  
The strips were then bonded (using a two part structural adhesive, Araldite® 403) to the 
plates at the top and bottom ends according to the gauge length of the specimen.  Once 
cured, the plates were trimmed top and bottom and the coupons complete with tabs, were 
carefully cut using a diamond saw.  In accordance with Airbus standard practice, the edges 
were left untreated. The notched specimens were then prepared for drilling. 
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3.3.4 Coupon machining 
It is important when reproducing holes in coupons that they are generated in a manner which 
is representative of the technique used in the structure. Therefore, some important notes 
should be made regarding the drilling of holes in the laminate specimens.  Ideally these 
should be drilled individually and although batch drilling could save time there is a risk of 
matrix burning as the drill progresses. Therefore, each notched coupon was drilled 
individually.   
 
A scrap piece of sample plate was used to practice drilling the holes.  To reduce the risk of 
exit side fibre damage and delamination (back-face damage) a timber block was placed 
under the specimen whilst drilling the hole.  For the notched specimens, a pilot hole of 3 mm 
was drilled first, using a hardened steel drill; this was followed by a 6 mm hole using a 
tungsten carbide sickle-point drill bit.   
 
This drill bit technology also allows back-face damage to be minimised (see Ghidossi, 2004) 
by having a single centre point and an outer cutting point that balances the pressure on the 
material to minimise damage when the drill bit breaks through the laminate.   
 
To distinguish between specimen types, notched specimens were given the prefix ‘OH’ to 
designate them as open hole or notched specimens and plain (unnotched) specimens were 
given the prefix ‘P’.   
3.3.5 Measurement of strain 
In this present study, strain gauges have been used for all mechanical tests.  Extensometers 
often need to be removed during the test; usually at around 0.25% strain-to-failure, to avoid 
damage and therefore any behaviour at higher strain is not recorded. Where environmental 
tests are performed, this means the specimen is not always accessible and the time and 
complexity of the test is increased. At low temperatures, frosting can also cause difficulties. 
In addition, extensometers are also sensitive to over or under-tightening, which can cause 
surface damage or slippage respectively.   
 
Although, care needs to be taken to bond strain gauges accurately, they may be installed in 
advance and when a large number of specimens are needed this is an advantage. They may 
also be bonded prior to testing; therefore, for HW specimens the strain gauges were installed 
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prior to conditioning and covered with a latex coating to protect them from excessive 
moisture.  
 
In this present study, to reduce the loss of temperature and moisture whilst transferring the 
specimens from the chamber at QinetiQ to the test rig at Surrey University, the gauges were 
bonded prior to conditioning and protected from the environment using a latex based coating 
(M-coat D®).  The CD specimens also had strain gauges installed before conditioning but 
were not protected due to the inherent lack of moisture at low temperatures.   
 
The size of the gauge length is important and, for this study, where failure strengths and 
strains are of interest, comparatively small gauges that are able to record local strains are not 
necessary. Therefore, in accordance with the Airbus standards, AITM 1-0007 [2004] and 
AITM 1-008 [2004], where a minimum active grid length of 3 mm, strain gauges with an 
active gauge length of 2 mm have been used. 
 
Strain gauges of the type BFLA-2-8 provided by Technimeasure, with an active strain gauge 
length of 2.0 mm and gauge factor of 2.1 ±1%, were bonded to the specimens using 
cyanoacryolate adhesive.  Strain gauges were installed on both sides of the coupon. This 
enabled an assessment of bending during specimen testing.  
 
In accordance with the manufacturers’ instructions (Strain Gauges TML Pam E-101P, circa 
2005), the specimen surface was lightly abraded at the gauge positions using emery cloth.  A 
fine tipped permanent marker pen was used to draw accurate installation lines on the coupon.  
The region was cleaned, excluding the outer installation lines, using acetone and the strain 
gauge was prepared for installation. The gauges were laid face down on a clean surface and 
carefully picked up with adhesive tape.  The gauge was positioned accurately, parallel to the 
direction of strain measurement, and lightly applied to the surface of the specimen with the 
adhesive tape.  The tape was then carefully peeled back to expose the bonding surface.  A 
small bead of cyanoacryolate adhesive was applied to the surface of the coupon underneath 
where the gauge was to be positioned and the adhesive tape was immediately replaced onto 
the coupon using one firm stroke from the bottom to the top of the gauge ensuring complete 
wetting of the gauge surface.  Firm finger pressure was applied to the strain gauge for one 
minute.   
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A full set of instructions with diagrams can be found in the manufacturer’s instructions; this 
was used throughout this process.  For the plain, unnotched specimens, whether tensile or 
compressive, the strain gauge was placed furthest away from the influence of grip and edge 
effects, and this is usually the centre of the specimen.  
 
 
Figure 3.6    Schematic diagram showing location of strain gauges for the open hole 
compression tests (OHC). Position ‘A’ was used for all notched compression tests excluding 
the room temperature test, which used position ‘B’. Dimension shown in parentheses 
indicates location of gauge in the longer OHT coupons.  Strain gauges for the PT and PC 
specimens were positioned at the centre of the specimen. 
 
For strain measurement of the notched tensile specimens, strain gauges were installed on the 
centre line equidistant between the centre of the hole and the edge of the tab (at B).  
However, the first notched compression tests showed an unexpectedly low modulus 
suggesting that this was not the most suitable position. A simple finite element analysis 
(described in the next section) suggested that the strain gauges should be positioned on the 
centre line of the ligament (at A), (see Figure 3.6). This was done to provide a modulus value 
that would remain mostly uninfluenced by the non-uniformity of the strain field around the 
hole. The next section describes how the new position was determined. 
3.3.6 Finite element analysis – strain gauge position 
The position of the strain gauge in the far field strain region was established using simple 
finite element analysis (FEA) of isotropic models of the notched and unnotched compressive 
specimen.  
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Figure 3.7 below, shows an isotropic model of the unnotched specimen compared with an 
unnotched specimen model. It can be seen that the surface strain level in the upper right 
region of the notched specimen is equivalent to the surface strain level in the unnotched 
specimen. Consequently, the strain gauge was placed in this region (at A in Figure 3.7). The 
mesh parameters were 0.643 mm with an aspect ratio of 1.5 and the values were equivalent 
strain on nodes. The strain reading depends on the accuracy of placement. If the strain gauge 
was misplaced +/- 1 mm which is possible then the strain gauge readings can vary by 
approximately 10 %. 
 
Figure 3.7 FEA results for surface strain across the width of notched and unnotched 
specimens showing position of ligament strain gauge (A) at coordinates 6.5, 9.5 mm from 
specimen centre. 
The comparative models were generated using readily available FEA software (Solidworks 
Simulation 2011). The model parameters and mesh size were maintained for both models. 
The material properties were obtained from published data MTM28-1/CF1103; this was 
considered acceptable, as the aim of this very brief study was just to compare strain fields. 
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3.3.7 Environmental pre-conditioning of hot-wet specimens 
As described in Chapter 2, design allowables for aircraft require the use of different 
environments.  The specimens therefore need to be conditioned, or environmentally aged, 
and tested at an appropriate temperature.   
 
For HW environmental testing, the specimens used in this study were pre-conditioned in an 
environmental chamber.   To ensure test specimens were conditioned correctly, the degree of 
moisture uptake should be sufficient so that the moisture content is at equilibrium and the 
specimen is fully saturated to the relative humidity (RH) of the test.  To measure the 
diffusion of moisture into the specimen gravimetric tests were used. Essentially these tests 
involve the moisture content being obtained by monitoring weight changes periodically 
during exposure.  These measurements, using a digital balance with an uncertainty of 
±0.0001 g, were made once the specimen had cooled to RT and excess moisture was wiped 
from the surface.  When the measurements were seen to plateau (i.e. the change in weight is 
unchanged between measurements), it was deemed that the specimen had reached 
equilibrium and the specimen would not absorb any further moisture from the environment. 
Typically, the moisture equilibrium is achieved after a six-week or 1,000 hour exposure 
period. In this work, these tests were conducted in accordance with EN 2823 [1998] as 
closely as possible using a traveller specimens extracted from the sample material measuring 
25 mm x 25 mm to monitor the moisture absorption periodically. In the aerospace industry, 
the aircraft manufacturer will usually specify the conditioning parameters and these are 
defined by expected worst-case operational condition. The temperature and moisture content 
recommended by MHDBK – 17F, Volume 1 for a HW coupon is approximately 80º C with 
an 85% RH (relative humidity).   
 
Although, ideally, the conditioned coupons should be tested after pre-conditioning at the 
same humidity as they were conditioned, it is economic and practical to test them at the 
condition temperature alone. This is generally acceptable due to the characteristically slow 
release of moisture so that testing within one to one-and-a-half hours after removal from the 
conditioning chamber is possible.  In this study, the environmental chamber was off-site so, 
to reduce the rate of moisture loss, all specimens were wrapped in damp tissue paper, sealed 
in plastic specimen bags, and placed in an insulated container prior to testing.  The next 
section describes how the specimens were tested. 
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3.4 Mechanical testing 
3.4.1 Introduction 
In this section the test methods are described in detail for the various test conditions.  
3.4.2 General test arrangement 
The general test set-up for all tests conducted in this present study employed an Instron 
universal testing machine comprising hydraulic grips with a 250 kN load cell.  Proper 
alignment of the servo-hydraulic grips within the test rig was achieved by loosening the load 
train inserting a large steel plate (300 mm x 200 mm x 12 mm) between the grips, applying a 
small load of 1 kN and then re-tightening the load train.  A crosshead speed of 2 mm min-1 
was selected for tensile tests and 0.5 mm min-1 for the compressive tests, as recommended by 
Airbus standards AITM 1-008 and 1-007 respectively.   
 
Load and strain data were recorded at 0.5 second intervals using a Schlumberger Solatron 
Orion 3530 data logger. For tensile and compressive tests the proprietary Airbus standards 
AITM 1-0008 [2004] and AITM 1-0007 [2004], were followed as closely as possible. Table 
3.1 gives an indication of the number of specimens used for each test type. 
 
Table 3.1   Test matrix showing the number of specimens tested at each condition.                                                        
a
 AITM 1-0008 [2004], b AITM 1-0007 [2004], c EN2823[1998], 
Specimen type 
Test condition and number of specimens, n 
RT 
(room 
temperature, 
ambient: 
22ºC ±2º, 60% RH) 
HW 
(Hot-wet: aged at 
80ºC and 90% 
RH, tested at 
80ºC)c 
CD 
(Cold-dry: tested at 
-55ºC) 
PT (Unnotched Tension) a 21 14 14 
PC (Unnotched 
Compression) b 
33 12 12 
OHT (Notched Tension) a 17 15 15 
OHC (Notched 
Compression) b 
33 14 15 
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3.4.3 Room temperature (RT) tests 
Room temperature (RT) specimens were not conditioned to any special environment other 
than being stored with silica gel.  This was done to ensure excessive moisture would not be 
absorbed by the coupons.  The room temperature tests were the simplest test to conduct as no 
special environmental test conditions, and hence thermocouples and insulating apparatus, 
were needed. As with all the specimens tested these coupons were fitted with strain gauges 
prior to storage/conditioning. Once inserted between the jaws, the strain gauges were 
connected to the data logger.  The specimens were then lightly loaded, to a pre-load of no 
more than 1 kN, prior to test, to ensure the jaws had gripped the tabs sufficiently. The test 
was then started with the crosshead settings set according to specimen type and a 
displacement was applied until the specimen failed. 
3.4.4 Hot-wet (HW) tests 
Prior to conducting the HW tests, the pre-conditioned specimens were wrapped in moistened 
tissue paper, placed in plastic specimen bags and stored in an insulated container, as 
described in section 3.3.7. The test equipment was set-up prior to removal of the specimens 
from the climatic chamber so that the time between conditioning and testing was minimised, 
hence reducing the moisture loss.  All specimens were tested within 24 hours of removal 
from the climatic chamber.   
 
The test specimens were then transferred individually, as required, to the test rig using metal 
tongs and insulated gloves. A thermocouple was taped to the surface of the specimen using 
flash tape.  The strain gauge and thermocouple leads were then connected to the data logger.   
Once in place the test specimens were gently heated to a nominal test temperature of 80o C 
using a hot air blower and specifically designed diffuser (see Figure 3.8).   The test 
temperature was maintained to within 80 ±10o C manually, using the thermocouple output 
reading.  
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Figure 3.8   HW test arrangement (a) schematic and (b) photograph 
 
Prior to applying the test load, the specimens were lightly preloaded to no more than 1 kN to 
ensure the grips were engaging properly on the tabs. Specimen was then loaded (under 
displacement control) to failure.  The load – strain measurements were recorded and used to 
construct the stress-strain curves shown in Chapters 4 and 5. 
3.4.5 Cold-dry (CD) tests 
The CD specimens were pre-cooled to –55o C by storing them in an insulated carton 
containing solid carbon dioxide pellets for a minimum of five hours.  The heat gain 
dependent nature of these tests mean that, like the HW tests, the transfer time of these 
specimens needed to be minimised and therefore, the test equipment was set-up prior to 
transfer of the specimens from the insulated carton.  The test coupons were then transferred 
to the test rig one by one, as required, using metal tongs and insulated gloves. A 
thermocouple was taped to the surface of the specimen using flash tape. Once placed in the 
jaws, the specimens were enclosed in an insulated jacket, solid carbon dioxide pellets were 
poured into the cavity between the specimen and the jacket (see Figure 3.9), and strain gauge 
and thermocouple leads were then connected to the data logger.  
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As with the HW tests described above, the CD specimens were lightly preloaded to around 1 
kN to ensure the grips were engaging adequately with the tabs.  During this time, the 
temperature was controlled and monitored by allowing the specimen to cool slowly from an 
initial dry ice temperature of –77° C. When the test temperature dropped to around 60° C the 
test was started and load was applied during which the temperature reading from the 
thermocouple was monitored to ensure a temperature of -55 ±10° C was maintained during 
the test. 
 
 
Figure 3.9   CD test arrangement (a) schematic and (b) photograph 
3.5  Summary 
The techniques used to fabricate and prepare test coupons have been described. The methods 
used to obtain a set of data at room temperature, hot-wet and cold-dry conditions have also 
been explained. As indicated, these methods follow the recommendations in Airbus test 
literature, AITM 1 -008 [2004] and AITM 1-007 [2004], as closely as possible.   
 
In the next two chapters, the results of the experimental work are outlined, beginning in the 
next chapter with the results on plain (i.e. unnotched) specimens. 
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CHAPTER 4   EXPERIMENTAL RESULTS:                       
UNNOTCHED SPECIMENS 
4.1 Introduction 
In the previous chapter the techniques used to fabricate and prepare the test coupons were 
described. Test methods for the mechanical testing of specimens with increased levels of 
moisture and temperature were also described. This present chapter presents the results of 
compressive and tensile tests conducted on plain (unnotched) specimens using these 
methods.  
 
The hot-wet and cold-dry specimens were preconditioned (as described in Chapter 3). Both 
tensile and compressive specimens were tested at room temperature and in hot-wet and cold-
dry conditions prior to testing. The results are presented here as stress-strain curves, with 
derived mechanical properties, and by photographs of the failed specimens. The chapter is 
arranged so that the tensile specimens at room temperature are presented first, followed by 
the hot-wet and cold-dry results. The compressive test results are then presented in the same 
sequence.  
4.2 Unnotched tensile properties 
4.2.1 Room temperature conditions (PTRT) 
The stress-strain curves for all of the PTRT specimens tested are shown in Figure 4.1 and the 
derived mechanical properties (tensile strength, Young’s modulus and strain to failure) are 
shown in Table 4.1.  As would be expected of a fibre-dominated property, in general, the 
stress-strain curves are linear to failure with tensile strengths in the range of 624 to 883 MPa 
and failure strains in the range 0.95 % to 1.67 %. 
 
Considering all the specimens tested, the mean value of the modulus is 50.7± 2.2 GPa.  The 
Young’s modulus was obtained from the portion of stress-strain plot between 0.1P and 0.5P 
where P is the ultimate load in accordance with the Airbus standard, AITM 1-007 (2004); in 
the Tables, this is described as the 0.1/0.5P Young’s modulus. However, as will become 
apparent in later sections, for stress-strain curves that are non-linear, this method of defining 
the modulus can underestimate the low-strain Young’s modulus of the material.  
Consequently, the modulus in the range 0.05 % to 0.2 % strain has also been measured for 
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all specimens, although because of the linear nature of the stress-strain curves for the PTRT 
specimens, these values have the same nominal value as the Airbus method (0.1P to 0.5P).   
 
The failure strengths have a mean value of 766 ± 64 MPa.  The failure strains were derived 
from the measured strain at failure. The test data were tested for outliers using the MHDBK-
17F Volume 1 recommendations, but no outliers were identified (see section 2.3.2).   
 
For clarity and ease of comparison, the stress-strain curves for the specimens having the 
maximum tensile strength, a tensile strength close to the average value, and the stress-strain 
curve for the specimen having the minimum strength values are compared in Figure 4.2.  
Again, it is clear from the plots that the stress - strain relationship is a linear one.  The curve 
for PT-09-4 shows what has been deduced to be a small amount of electrical noise, indicated 
by small spikes in the stress-strain curves.  This was deduced on the basis that the slope 
remains unchanged and therefore the mechanical response of the specimen was unaffected.  
Following these results, the strain sampling frequency was reduced and the spikes were no 
longer evident in further tests.  PT-12-2 showed some errors in strain measurement (slip-
stick) at low strain resulting in a lower value for the low-strain modulus (See Figure A.2 in 
Appendix A) 
 
Photographs taken of the failed regions of these three specimens are shown in Figures 4.3 to 
4.5.  In this work, tab failure has been considered to occur when fracture appears to have 
initiated at a position within one specimen width (W) of the tabs. Out of twenty-one 
specimens, eighteen failed at the tabs (T) and three failed in the gauge section, (i.e. 14 %) as 
shown in Table 4.1.   Of the three specimens shown in Figures 4.3 to 4.5, the specimen 
shown in Figure 4.3 showed a gauge length (G) failure, though it is not possible to determine 
where this failure originated. The other two specimens showed tab (T) failures, with the 
specimen shown in Figure 4.4 (the failure of the specimen with the minimum strength) 
showing a fracture near both grips, with the second fracture likely to have occurred due to 
the propagation of the shock wave. However, for this specimen, an edge defect resulting 
from contact with a soldering iron during strain gauge installation (indicated in Figure 4.4) , 
had been identified before the tests, and one of the fractures occurred at this point. 
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Figure 4.1   Graph of stress against strain for PTRT coupons 
 
Figure 4.2   Maximum (PT-09-4), ‘mean’ (PT-21-2) and minimum (PT-06-1) strength curves 
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Table 4.1   Mechanical properties of unnotched tensile specimens PTRT 
Specimen 
Tensile 
strength – 
Tensile 
modulus – 
Low strain  
modulus 
Strain to 
failure – Failure 
location 
σ0 (MPa) E (GPa) (GPa) εf (%) 
PT-06-1 623.5 49.6 49.5 1.26 T 
PT-19-1 651.7 45.7 45.2 0.95 T 
PT-03-2 697.4 52.7 52.5 1.32 T 
PT-23-4 699.6 52.5 52.5 1.33 T 
PT-17-1 711.9 45.9  46.0 1.52 T 
PT-12-2 734 48.4 44.0 1.51 T 
PT-14-2 749.5 51.6 51.5 1.45 T 
PT-06-3 751.1 51.1 51.0 1.46 G 
PT-05-3 754.2 48.8 49.0 1.54 T 
PT-21-2 758.2 50.3 51.0 1.5 G 
PT-02-1 774.7 51.5 51.0 1.51 T 
PT-19-4 779.8 53.5 53.5 1.45 T 
PT-13-2 784.7 48.3 49.0 1.62 T 
PT-12-4 789.3 51.8 51.5 1.52 T 
PT-11-3 795.6 52.5 52.0 1.51 T 
PT-10-4 812.5 50.5 51.0 1.6 T 
PT-20-4 817.3 50.0 50.0 1.63 T 
PT-12-3 823.1 54.1 55.5 1.51 T 
PT-13-4 835 51.1 51.0 1.62 G 
PT-11-1 842.1 51.9 51.75 1.62 T 
PT-09-4 883.5 52.1 52.0 1.67 T 
Mean 765 50.7 50.3 1.5  
Standard 
deviation (SD) 64 2.2 2.7 0.2  
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Figure 4.3   Photograph of PT-21-2 (‘mean’ strength) showing a gauge length failure ‘G’ 
 
 
 
 
 
 
Figure 4.4   Photograph of PT-06-1 (minimum strength) showing failure in two locations and 
some indication of pre-test defect; showing a tab failure ‘T’ 
 
 
Figure 4.5   Photograph of PT-09-4 (maximum strength) showing a tab failure ‘T’ 
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4.2.2 Hot-wet conditions (PTHW) 
The stress-strain curves for all the tensile specimens tested under hot-wet (HW) conditions 
can be seen in Figure 4.6.  Again, as would be expected of a fibre-dominated property, the 
stress-strain relationship is linear, and both methods for measuring the modulus provide the 
same results, as shown in Table 4.2. 
 
The 0.1/0.5P Young’s modulus was 49.8 ± 2.4 GPa and the low-strain modulus was49.6 ± 
2.8 GPa. The failure strengths were 795 ± 49 MPa.  The test for outliers, described in section 
2.3.2, again did not reveal any outliers so all data points were considered valid. The complete 
set of results is provided in Table 4.2. 
 
The stress-strain curves for the coupons with the maximum, ‘mean’ and minimum strength 
values obtained in HW are shown in Figure 4.7.  Photographs show that the maximum and 
minimum specimens have failed in the tab region (Figure 4.8 to Figure 4.10).  Out of twelve 
specimens tested, only one was deemed to have failed in the gauge section (i.e. 8 % of the 
sample batch failed at the tabs).   
 
Figure 4.6   Graph of stress against strain for PTHW coupons 
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Figure 4.7   Maximum (PT-08-3-H), ‘mean’ (PT-07-4-H) and minimum (PT-08-1-H) 
strength curves 
Table 4.2   Mechanical properties of unnotched tensile specimens PTHW 
Specimen Strength – 
Tensile 
modulus – E 
Low strain 
modulus 
Strain to 
failure – Failure location 
σ0 (MPa) (GPa) (GPa) εf (%) 
PT-08-1-H 714.2 47.7 48.0 1.47 T 
PT-07-1-H 741.9 46.1 46.5 1.61 T 
PT-01-4-H 750.8 50.9 50.0 1.47 T 
PT-10-1-H 753.5 47.9 48.0 1.57 T 
PT-07-2-H 784.7 47.9 47.5 1.63 T 
PT-07-4-H 796.6 48.1 49.0 1.65 G 
PT-04-3-H 798.4 51.5 50.5 1.55 T 
PT-07-3-H 809.3 47.6 50.0 1.87 T 
PT-03-3-H 816.2 51.3 50.0 1.58 T 
PT-08-4-H 835.9 53.1 52.5 1.57 T 
PT-08-2-H 858.2 52.7 52.7 1.63 T 
PT-08-3-H 876.3 53.3 50.5 1.64 T 
Mean 795 49.8 49.6 1.6 - 
Standard 
deviation (SD) 49 2.4 2.8 0.1 - 
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Figure 4.8   Photograph of PT-08-3-H (maximum strength) showing a tab failure ‘T’ 
 
 
Figure 4.9   Photograph of PT-07-4-H (‘mean’ strength) showing failure in the gauge length 
‘G’ 
 
 
 
Figure 4.10   Photograph of PT-08-1-H (minimum strength) showing failure in two 
locations; showing a tab failure ‘T’ 
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4.2.3 Cold dry conditions (PTCD) 
Figure 4.11 shows the stress-strain curves for the tensile specimens tested under CD 
conditions. As would be expected of a fibre-dominated property, the stress-strain relationship 
is a linear one.  Using the half ultimate load method, the mean value of the modulus is 51.3 ± 
2.6 GPa.  Where non-linearity is observed in the stress-strain plots the alternative method of 
examining the low strain modulus is used; for which the value is 52.4± 3.0 GPa.  The failure 
strength is 760 ± 55 MPa.  As before, no outliers were found. The complete set of results is 
provided in Table 4.3. 
 
The comparison between the stress-strain for the specimens with the maximum, ‘mean’ 
(closest specimen strength value to the mean) and minimum strength values are shown in 
Figure 4.12.  Two of the three specimens show obviously non-linear stress-strain curves (the 
maximum and minimum strengths) with the ‘mean’ strength specimen showing linearity.  
This general small, but distinct, non-linearity is in addition to some much clearer changes in 
the slope of the stress-strain curves which may relate to failure events within the coupons 
(matrix cracking, delamination), for example at strains of about 0.8 % and 1.5 % for the 
coupon with the maximum strength.  The general non-linearity is surprising for these 
specimens, given that the tensile stress-strain behaviour is fibre-dominated, and as a 
consequence of the non-linearity apparent for many of the specimens, the 0.1/0.5P modulus 
measurement of Young’s modulus differs from the low-strain measurement, as shown in 
Table 4.3. 
 
With regard to the location of failure (i.e. tab or gauge length failures), out of fourteen 
specimens tested, eight failed in the gauge section (i.e. 57%). The weakest specimen again 
failed at both ends close to the tab, which also occurred for the PTRT and PTCD specimens.  
Photographs showing the failed coupons with the maximum, minimum and ‘mean’ strengths 
are shown in Figure 4.13 to Figure 4.15.   
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Figure 4.11 Graph of stress against strain for PTCD coupons 
 
Figure 4.12   Maximum (PT-22-1-C), ‘mean’ (PT-18-4-C) and minimum (PT-23-1-C) 
strength curves 
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Table 4.3   Mechanical properties of unnotched tensile specimens in CD conditions (PTCD) 
Specimen 
Strength – Tensile 
modulus – 
Low strain 
modulus 
Strain to 
failure – Failure 
location 
σ0 (MPa) (GPa) (GPa) εf (%) 
PT-19-1-C 708.64 51.1 51.5 1.4 T 
PT-23-1-C 688.66 50 .0 53.0 1.37 T 
PT-24-1-C 707.55 49.3 51.1 1.44 T 
PT-18-3-C 713.32 48.7 52.5 1.44 G 
PT-18-1-C 721.52 47.8 48.5 1.49 G 
PT-19-3-C 734.95 56.1 56.5 1.3 T 
PT-18-2-C 755.66 48.6 48.5 1.56 G 
PT-02-3-C 756.29 51.9 55.0 1.46 G 
PT-18-4-C 758.94 49.3 48.0 1.55 G 
PT-02-2-C 770.72 53.9 55.0 1.43 T 
PT-20-3-C 791.99 49.3 50.0 1.62 G 
PT-02-4-C 823.56 53.8  55.0 1.54 G 
PT-22-2-C 834.09 52.5 55.0 1.58 G 
PT-22-1-C 875.72 54.6 56.0 1.65 T 
Mean 760 51.3 52.4 1.5 - 
Standard 
deviation (SD) 55 2.6 3.0 0.1 - 
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Figure 4.13   Photograph of PT-22-1-C (maximum strength) showing a tab failure ‘T’ 
 
 
Figure 4.14   Photograph of PT-18-4-C (‘mean’ strength) showing a gauge length failure ‘G’ 
 
 
 
 
Figure 4.15   Photograph of PT-23-1-C (minimum strength) showing failure in two locations; 
showing a tab failure ‘T’ 
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4.3 Unnotched compressive properties 
4.3.1 Room temperature conditions (PCRT) 
The stress-strain curves shown in Figure 4.16 show the results for all the specimens tested 
under RT conditions. The plots show a clear non-linear stress-strain relationship with the 
consequence that the mean value of the 0.1/0.5P Young’s modulus (45.9 ± 2.5 GPa) is 
smaller than the low-strain modulus (48.1 ± 2.1 GPa); this is not surprising, since the 
compressive behaviour is a matrix-dominated property.  The failure strength has a mean 
value of 547 ± 61 MPa, and the mean compressive failure strain was 1.3 ± 0.3 %.  Although 
the weakest specimen PT-18-2B showed possible signs of non-composite failure (see Figure 
4.20), no outliers were found in the data.  However it was postulated that this data point was 
erroneous so it was removed from further analysis. 
 
The stress-strain curves for the specimens that represent the maximum, ‘mean’ (closest 
specimen strength value to the mean) and minimum strength values are compared in Figure 
4.17 and the complete set of results is provided in Table 4.4. 
 
Photographs of these three failed specimens are shown in Figure 4.18 to 4.20). The ‘mean’ 
strength specimen failure (Figure 4.19) appears to have occurred near to the tab, and it is 
clear that plies have buckled as a consequence of the failure event (as expected), with visible 
delamination (in these low-magnification images) which may have contributed to the failure 
or developed during failure. 
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Figure 4.16   Graph of stress against strain for PCRT coupons 
 
Figure 4.17   Maximum (PC-18-2B), median (PC-24-2B) and minimum (PC-25-2T) strength 
curves 
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Table 4.4   Mechanical properties of unnotched compressive specimens PCRT. 
A premature failure indicated thus a was not taken into analysis. 
Specimen Strength – 
Young’s modulus 
– 
Low strain 
modulus 
Strain to 
failure – 
σ0 (MPa) E (GPa) (GPa) εf (%) 
PC-18-2B 360.61 43.4 45 0.82 a 
PC-13-1B 407.13 48.3 49 1.14 
PC-24-3T 477.86 41.5 44.5 1.18 
PC-26-2B 489.77 44.5 47.5 1.13 
PC-13-2B 494.86 47.7 49 2.45 
PC-06-3T 502.63 43.1 45.5 1.2 
PC-22-3T 504.55 41.6 43 1.3 
PC-23-3T 505.03 46.1 48 1.13 
PC-06-1T 520.26 47.4 49 1.27 
PC-24-3B 529.47 42.9 45 1.36 
PC-13-2B 533.97 49.1 49 1.13 
PC-13-3T 534.42 49.6 50.5 1.13 
PC-21-1T 538.76 46.2 49 1.17 
PC-25-2T 549.01 44.8 48 1.25 
PC-06-2T 550.49 46.4 50 1.23 
PC-26-2T 553.63 42.0 45.5 1.41 
PC-21-1B 559.43 46.7 49 1.24 
PC-20-3B 561.08 44.1 47 1.32 
PC-21-3B 562.66 39.9 48 1.29 
PC-12-2B 565.76 49.2 51.5 2.4 
PC-20-1B 572.42 47.8 48 1.31 
PC-20-1T 580.36 47.1 50 1.27 
PC-25-3B 582.13 45.0 47.5 1.64 
PC-24-1B 582.43 48.3 49 1.17 
PC-22-1T 586.35 46.7 50 1.31 
PC-12-1B 586.99 46.1 49 1.32 
PC-26-1T 596.91 45.7 50 1.34 
PC-03-1B 597.85 48.6 51 1.26 
PC-12-1T 602.01 47.2 51 1.37 
PC-13-1T 607.86 46.8 50 1.37 
PC-12-2T 620.52 48 51 1.34 
PC-24-2B 674.7 46.3 49 1.2 
Mean 547 45.9 48.1 1.3 
Standard deviation 
(SD) 61 2.5 2.1 0.3 
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(a) 
 
(b) 
Figure 4.18   Photograph of PC-25-2T (maximum strength), (a) plan view and (b) edge view 
 
 
(a) 
 
(b) 
Figure 4.19   Photograph of PC-24-2B (‘mean’ strength), (a) plan view and (b) edge view 
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(a) 
 
(b) 
Figure 4.20   Photograph of PC-18-2B (minimum strength) - Failure attributed to excess 
adhesive in tab, (a) plan view and (b) edge view 
 
4.3.2 Hot wet conditions (PCHW) 
The stress-strain curves for the PCHW specimens are shown in Figure 4.21.  The stress-
strain curves are significantly non-linear again, as would be expected of a matrix-dominated 
property, but more non-linear than for the PCRT specimens.  This is reflected in the 
difference between the 0.1/0.5P Young’s modulus value of 44.0 ± 3.7 GPa compared to the 
low-strain modulus value of 47.5 ± 2.7 GPa.  The failure strengths have a mean value of 518 
MPa ± 49 MPa.  Observations revealed a single outlier (PC-08-2B-H).  This outlier was 
considered to be the result of a poorly bonded strain gauge - the subsequently related values 
being shown in parentheses in Table 4.5.  Therefore, this modulus value was not used.   
 
The data for all the specimens, including the outlier value, is shown in Table 4.5.  Stress-
strain curves for specimens with the maximum, ‘mean’ and minimum strength are compared 
in Figure 4.22 where non-linearity is very clear.   
 
Photographs of these specimens (Figure 4.23 to Figure 4.25) show that the weakest specimen 
(Figure 4.23) appeared to have failed very close to, or within, the tab, the fracture plane 
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running at about 45º through the thickness of the specimen which may be a consequence of 
the constraint near the grips.  On the other hand, the maximum and ‘mean’ strength 
specimens (Figure 4.24 and Figure 4.25), show very similar failures with evidence of 
buckling and large-scale delamination. 
 
Table 4.5   Mechanical properties of unnotched compressive specimens (PCHW).’*’ denotes 
outlying data (removed from further analysis). 
Specimen 
Strength – Young’s modulus 
– 
Low strain 
modulus 
Strain to 
failure – 
σ0 (MPa) E (GPa) (GPa) εf (%) 
PC-08-2B-H (-396.51) (-29.9) 26.8 (error in 
strain reading) (-1.1) * 
PC-04-1T-H 411.43 48.4 49.5 0.84 
PC-14-1T-H 455.05 49.0 50 1 
PC-06-1T-H 486.12 40.9 49.5 1.5 
PC-12-3T-H 507.47 37.4 42.5 1.5 
PC-08-3B-H 531.99 48.0 50.5 1.15 
PC-08-1B-H 537 43.6 48.5 1.3 
PC-03-2B-H 539.98 47.0 50 0.58 
PC-07-3T-H 551 40.5 44 0.75 
PC-04-2T-H 555.74 43.6 46 1.04 
PC-06-3B-H 557.87 40.1 44 1.4 
PC-14-1B-H 569.48 45.3 48 1.35 
Mean 518 (508) 44.0 47.5 1.1 
Standard deviation 
(SD) 49 (59) 3.7 2.7 0.3 
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Figure 4.21   Graph of stress against strain for PCHW coupons 
 
 
Figure 4.22   Maximum (PC-14-1B-H), ‘mean’ (PC-12-3T-H) and minimum (PC-04-1T-H) 
strength curves 
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(a) 
 
(b) 
 
(c) 
Figure 4.23   Photograph of PC-04-1T-H (minimum strength),                                                            
(a) plan view, (b) and (c) edge view showing shear failure in tab region 
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(a) 
 
(b) 
 
(c) 
Figure 4.24   Photograph of PC-14-1B-H (maximum strength),                                                       
(a) plan view, (b) and (c) edge views 
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(a) 
 
(b) 
 
(c) 
Figure 4.25   Photograph of PC-12-3T-H (‘mean’), (a) plan view,                                                      
(b) and (c) edge views 
 
4.3.3 Cold-dry conditions (PCCD) 
The stress strain curves shown in Figure 4.26 are for all specimens tested under CD 
conditions.  Again, as would be expected of a matrix-dominated property, the stress-strain 
relationship displays some non-linearity.  The mean value of the 01/0.5P modulus is 48.1 ±  
6.2 GPa. Whereas, for the low-strain modulus, this is 50.7 ± 2.9 GPa. 
The failure strengths have a mean value of 595 ± 49 MPa. No outliers were found for the 
strength or the modulus, despite the problems evident with the strain gauge for specimen PC-
16-2B-C which has a clearly erroneous strain to failure.  This specimen (PC-16-2B-C), 
underlined in table 4.6, showed evidence of buckling since readings from strain gauges on 
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either side of the specimen diverged significantly. The complete set of results is provided in 
Table 4.6. 
 
As before, for comparison, the stress-strain curves for the specimens that represent the 
maximum, ‘mean’ and minimum strength values obtained in cold-dry (CD) conditions are 
compared in Figure 4.27 and photographs of these compressions specimens are presented in 
Figure 4.28 through to Figure 4.30. The weakest specimen, PC-16-2B-C shown in Figure 
4.28 appears to have failed within the tab, showing a fracture at about 45º through the 
thickness, probably as a consequence of the constraint within the tab.  There is also some 
evidence of tab disbonding, though it is not obvious which occurred first – composite failure 
or tab disbonding. The other two specimens (Figure 4.28 and 4.29) show failure within the 
gauge length, with macroscopic ply buckling and associated delamination being evident. 
 
 
Figure 4.26   Graph of stress against strain for PCCD coupons 
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Figure 4.27   Maximum (PC-20-1T-C), ‘mean’ (PC-01-3T-C) and minimum                                 
(PC-16-2B-C) strength curves. 
Table 4.6   Mechanical properties of unnotched compressive specimens PCCD. The failure 
strain taken at the point at which the applied stress is no longer observed.  
Specimen 
Strength – Young’s modulus 
– 
Low strain 
modulus 
Strain to 
failure – 
σ0 (MPa) E (GPa) (GPa) εf (%) 
PC-16-2B-C 469.79 63.7 57.5 0.6 
PC-20-3T-C 559.3 43.6 48.0 1.38 
PC-17-1B-C 562.4 43.0 48.0 1.5 
PC-17-3T-C 580.14 43.8 49.0 1.4 
PC-01-3T-C 596.34 46.8 49.0 1.28 
PC-23-1B-C 605.04 39.4 49.0 1.9 
PC-23-1T-C 607.08 49.4 48.0 1.18 
PC-25-1B-C 608.17 53.6 55.0 0.53 
PC-20-1B-C 625.15 50.6 50.0 1 
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Table 4.6 (continued)  
Specimen 
Strength – Young’s modulus 
– 
Low strain 
modulus 
Strain to 
failure – 
σ0 (MPa) E (GPa) (GPa) εf (%) 
PC-25-1T-C 633.47 48.5 51.5 1.24 
PC-08-2T-C 641.12 52.1 52.5 1.1 
PC-20-1T-C 646.7 43.0 50.5 1.8 
Mean 595 48.1 50.7 1.2 
Standard deviation 
(SD) 49 6.2 2.9 0.4 
 
 
 
Figure 4.28   Photograph of PC-16-2B-C (minimum strength) showing shear failure in tab 
 
 
(a) 
 
(b) 
Figure 4.29   Photograph of PC-20-1T-C (maximum strength),                                                           
(a) edge view and (b) plan view 
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(a) 
 
(b) 
Figure 4.30   Photograph of PC-01-3T-C (‘mean’ strength),                                                            
(a) edge view and (b) plan view 
4.4 Unnotched (plain) specimens): discussion of results 
A summary of failure strengths, 0.1/0.5P (Airbus half-load approach) and low-strain 
Young’s moduli and strains to failure is shown in Table 4.7.    It is apparent that the low-
strain Young’s modulus is roughly the same for all the conditions tested, for both tension and 
compression.  
 
For the tension tests, the stress-strain curves are essentially linear (reflecting the fibre 
dominated nature of the loading), so that the tensile strength reflect the strain to failure of the 
material, with PTRT and PTCD specimens showing the same mean strain to failure (1.5 %), 
whereas the higher strain to failure of the PTHW specimens leads to a higher strength.  
These strains to failure are slightly less than the strain to failure value of a unidirectional 
composite of 1.66 % provided by the manufacturer (see Table A.4).  For the tension tests it 
ca be seen that there is a striking difference in the number of gauge length failures for PTCD 
condition, which is much higher than for either the PTRT or PTHW conditions. 
 
The specimens tested in compression, show a clear non-linearity in the stress-strain 
behaviour (reflecting the matrix-dominated nature of the material response) with distinct 
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differences between 0.1/0.5P Young’s moduli and the low-strain Young’s moduli.  The 
compressive strains to failure (1.1% to 1.3%) are all in reasonable agreement with the 
compressive strain to failure quoted by the prepreg manufacturer (see Table A.4) for a 
unidirectional composite (1.21 %). For the compression specimens, the strengths followed 
the pattern of temperatures i.e. CD (highest strength) and HW (lowest strength).  This is 
perhaps not surprising for a matrix dominated property, where failure is triggered by 
buckling failure of fibres which are expected to be less well-supported as the temperature 
(and humidity) increase due to a reducing matrix modulus. 
 
For all three conditions, failures tended to show macroscopic buckling/delamination of plies 
when failure occurred away from the grips, and through-thickness shear for failures 
occurring in the gripped region. 
 
Table 4.7   Test results: - Mean failure strength, modulus and failure strain (Standard 
deviations are shown in parentheses)   
 
Specimen type 
 
Failure strength 
(MPa) 
Young’s 
Modulus (GPa) 
Low strain 
modulus (GPa) 
Failure strain 
(%) 
PTRT 765 (64) 50.7 (2.2) 50.3 (2.7) 1.5 (0.2) 
PTHW 795 (49) 49.8 (2.4) 49.6 (1.8) 1.6 (0.1) 
PTCD 760 (55) 51.3 (2.6) 52.4 (3.0) 1.5 (0.1) 
PCRT 547 (61) 45.9 (2.5) 48.1 (2.1) 1.3 (0.3) 
PCHW 518 (49) 44.0 (3.7) 47.5 (2.7) 1.1 (0.3) 
PCCD 595 (48) 48.1 (6.2) 50.7 (2.9) 1.2 (0.4) 
 
4.5 Unnotched: Concluding remarks 
In this chapter, the results for the tensile and compressive testing of unnotched coupons have 
been presented.  Macroscopic observations of the facture behaviour have been related, in a 
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general way, to the measured properties.  In a subsequent chapter (Chapter 6), consideration 
of the scatter in the results will be presented.   
 
The next chapter presents the mechanical testing results for notched specimens tested under 
the same conditions. 
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CHAPTER 5   EXPERIMENTAL RESULTS:                            
NOTCHED SPECIMENS 
5.1 Introduction 
In this chapter, the results of tests conducted on specimens with a circular, centrally located 
notch, are presented. The presentation of these results follows the same sequence as for the 
plain specimens in the previous chapter. 
5.2 Notched tensile properties 
5.2.1 Room temperature conditions (OHTRT) 
Figure 5.1 shows the stress-strain curves for all of the notched specimens tested under room 
temperature (RT) conditions in tension.  The stress-strain curves appear linear to failure, 
similar to the PTRT specimens.  Considering all the specimens tested, the mean value of the 
modulus is 45.3 ± 2.1 GPa for both methods of modulus. The failure strengths are 362 ± 18 
MPa, with no outliers identified, and all failures occurring at the notch.  The strain to failure 
was 0.8 ± 0.03 %.  It can be noted immediately that the tensile strengths and strains-to-
failure show very small uncertainties.  The complete set of results is shown in Table 5.1. 
 
As for the plain coupons, the stress-strain curves for the specimens which represent the 
maximum, ‘mean’ (closest specimen strength value to the mean) and minimum strength 
values are shown for ease of comparison (see Figure 5.2).  Photographs of these specimens 
are shown in (Figure 5.3 to Figure 5.45). There is no discernible difference in fracture 
behaviour for these specimens. 
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Figure 5.1   Graph of stress against strain for OHTRT 
coupons
 
Figure 5.2   Maximum (OHT-21-1), ‘mean’ (OHT-20-1) and                                                  
minimum (OHT-11-4) strength curves 
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Table 5.1   Mechanical properties of notched tensile specimens OHTRT 
Specimen 
Strength – Young’s modulus 
– 
Low strain 
modulus 
Strain to 
failure – 
σN (MPa) E (GPa) (GPa) εf (%) 
OHT-20-1 328.35 40.6 40.0 0.81 
OHT-26-2 336.7 43.1 44.5 0.78 
OHT-09-2 346.59 43.7 44.5 0.79 
OHT-06-2 349.9 42.8 44.0 0.82 
OHT-11-2 351.61 43.3 44.0 0.81 
OHT-05-1 355.84 46.1 46.0 0.77 
OHT-24-4 356.8 48.2 49.0 0.74 
OHT-03-4 357.18 44.9 45.0 0.79 
OHT-13-1 359.28 46.9 47 0.76 
OHT-10-2 362.4 46.1 46.5 0.79 
OHT-11-4 363.09 45.2 46.5 0.8 
OHT-06-4 367.83 45.8 46.5 0.8 
OHT-05-2 368.19 47.8 48.5 0.77 
OHT-24-3 380.63 46.8 46.5 0.81 
OHT-24-1 389.06 48.3 49.0 0.8 
OHT-21-1 389.98 44.3 45.0 0.88 
OHT-22-3 390.31 46.8 47.0 0.83 
Mean 362 45.3 45.6 0.82 
Standard deviation 
(SD) 18 2.1 2.2 0.03 
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(a) 
 
(b) 
Figure 5.3   Photograph of OHT-20-1 (‘mean’ strength), (a) plan view and (b) edge view 
 
 
(a) 
 
(b) 
Figure 5.4   Photograph of OHT-11-4 (minimum strength), (a) plan view and (b) edge view 
Chapter 5 Experimental results: notched specimens 
92 
 
(a) 
 
(b) 
Figure 5.5  Photograph of OHT-21-1 (maximum strength), (a) plan view and (b) edge view 
 
5.2.2 Hot-wet conditions (OHTHW) 
The stress strain curves shown in Figure 5.6 are for all the open-hole specimens tested under 
hot-wet (HW) conditions.  The mean value of the 0.1/0.5P modulus and the low-strain 
modulus was found to be 50.5 ±2.3 and  50.6 ±2.1 GPa respectively and shows that the 
response was mostly linear elastic (at least to 0.5P).  The failure strength was 418 ± 21 MPa, 
with the strain to failure being 0.82 ± 0.04 %, with no outliers identified.  Again, the scatter 
of the results, as indicated by the standard deviation, is small.  The complete set of results is 
provided in Table 5.2. 
 
As before, the stress-strain curves for the specimens that represent the maximum, ‘mean’ and 
minimum strengths are compared in Figure 5.7.  Photographs show that that all specimens 
failed from the edge of the hole (Figure 5.8 to Figure 5.10), but there are no features to 
distinguish one specimen from another. 
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Figure 5.6   Graph of stress against strain for OHTHW coupons 
 
Figure 5.7   Maximum (OHT-26-3-H), ‘mean’ (OHT-13-3-H) and                                         
minimum (OHT-04-H) strength curves 
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Table 5.2  Mechanical properties of notched tensile specimens in HW condition (OHTHW) 
Specimen 
Strength – Young’s 
modulus – 
Low strain 
modulus 
Strain to 
failure – 
σN (MPa) E (GPa) (GPa) εf (%) 
OHT-04-4-H 377.03 45.9 46.0 0.81 
OHT-01-1-H 388.62 48.7 50.5 0.76 
OHT-05-4-H 397.72 50.8 51.0 0.78 
OHT-07-4-H 403.34 48.6 49.5 0.82 
OHT-12-1-H 403.85 45.9 46.0 0.88 
OHT-01-5-H 406.94 51.2 51.0 0.79 
OHT-10-3-H 416.33 50.8 51.0 0.82 
OHT-13-3-H 418.36 51.6 50.0 0.81 
OHT-03-1-H 430.26 52.4 53.0 0.82 
OHT-14-4-H  433.1 54.9 55.0 0.79 
OHT-09-3-H 433.39 50.9 51.0 0.86 
OHT-04-1-H 436.07 51.6 52.0 0.83 
OHT-04-2-H 436.07 52.6 52.0 0.83 
OHT-26-4-H 440.97 51.1 51.0 0.86 
OHT-26-3-H 446.47 50.2 51.0 0.88 
Mean 418 50.5 50.6 0.8 
Standard 
deviation (SD) 21 2.3 2.1 0.04 
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(a) 
 
(b) 
Figure 5.8   Photograph of OHT-25-3-H (maximum strength),                                                          
(a) plan view and (b) edge view 
 
 
(a) 
 
(b) 
Figure 5.9   Photograph of OHT-13-3-H (‘mean’ strength),                                                              
(a) plan view and (b) edge view 
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(a) 
 
(b) 
Figure 5.10   Photograph of OHT-04-4-H (minimum strength),                                                        
(a) plan view and (b) edge view 
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5.2.3 Cold-dry conditions (OHTCD) 
Figure 5.11 shows the results for the open-hole specimens tested under cold-dry (CD) 
conditions.  As would be expected of a fibre-dominated property, the stress-strain 
relationship is a linear one (except for specimen OHT-22-4-C, for which the strain gauge has 
clearly malfunctioned; this was identified as an outlier).  The mean value of the modulus is 
51.9 ±3.5 GPa, the tensile strength is 373 ± 25 MP and the strain to failure is 0.7 ±0.1%.  
The complete set of results is shown in Table 5.3. 
 
The stress-strain curves for the specimens that represent the maximum strength, ‘mean’ and 
minimum strength are compared in Figure 5.12. The 0.1/0.5P Young’s moduli of these three 
specimens are quite different, although the low-strain moduli are quite similar.  Again, 
macroscopic photographs of these three specimens (Figure 5.13 to Figure 5.15) do not show 
any difference between them. 
 
 
Figure 5.11   Graph of stress against strain for OHTCD coupons 
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Figure 5.12 Maximum (OHT-25-4-C), ‘mean’ (OHT-25-3-C)                                                         
and minimum (OHT-20-1-C) strength curves 
 
 
(a) 
 
(b) 
Figure 5.13   Photograph of maximum strength specimen OHT-21-3-C,                                            
(a) plan view and (b) edge view 
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(a) 
 
(b) 
Figure 5.14   Photograph of OHT-25-3-C (‘mean’ strength),                                                                 
(a) plan view and (b) edge view 
 
 
(a) 
 
(b) 
Figure 5.15   Photograph of OHT-20-1-C (minimum strength),                                                         
(a) plan view and (b) edge view 
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Table 5.3   Mechanical Properties of Notched Tensile Specimens OHTCD. Underlined 
specimen showed some error in strain measurement at low strain. 
Specimen 
Strength – Young’s modulus 
– 
Low strain 
modulus 
Strain to failure 
– 
σN (MPa) E (GPa) (GPa) εf (%) 
OHT-20-1-C 320.08 47.6 53.0 0.68 
OHT-22-1-C 351.4 49.7 50.5 0.72 
OHT-20-2-C 351.52 50.8 50.5 0.68 
OHT-25-1-C 351.66 51.1 58.5 0.68 
OHT-25-2-C 367.57 54.3 55.0 0.67 
OHT-18-2-C 368.25 51.1 51.0 0.71 
OHT-21-1-C 370.55 52.9 52.5 0.7 
OHT-18-1-C 373.3 48.9 52.0 0.77 
OHT-25-3-C 373.88 54.2 49.5 0.69 
OHT-23-4-C 380.75 55.0 55.5 0.69 
OHT-25-5-C 393.87 56.0 56.0 0.7 
OHT-19-5-C 395.29 53.1 53.0 0.75 
OHT-25-4-C 404.01 56.1 56.5 0.72 
OHT-22-4-C 404.51 42.7 54.0 0.9 
OHT-21-3-C 417.31 54.7 57.0 0.71 
Mean (σm) 375 51.9 53.3 0.7 
Standard 
deviation (SD) 25 3.5 3.0 0.1 
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5.3 Notched compression tests 
5.3.1 Room temperature conditions (OHCRT) 
The stress-strain curves, shown in Figure 5.16, are for all the open-hole compression 
specimens tested under RT conditions. For these specimens, the locations of the strain 
gauges were in position B of Figure 3.6, i.e. half-way between the hole and the end tab.  This 
gave an artificially high value of the Young’s modulus of the materials 62.1 ±4.6 GPa and 
led to the finite–element study described in Section 3.3.1. This study suggested that a better 
location for the strain gauge was midway on the longitudinal centre-line of the hole and the 
tab and on the centre-line between the edge of the hole and the specimen, which is location 
A in Figure 3.6.   
 
One specimen was tested with strain gauges in both locations A (ligament strain) and B 
(centre strain) and the results are also shown in Figure 5.16.  It is clear that a strain gauge 
located at location A (ligament) gave a better measurement of the strain since Young’s 
modulus measured was closer to the expected value for the material (i.e. 51 GPa).  
Consequently, subsequent strain measurements for the notched compressive specimens in 
HW and CD conditions were also made in the ligament (A) position. 
 
The stress-strain curves for OHCRT show significantly less non-linearity than the PCRT 
specimens.  As discussed above, the Young’s modulus was artificially high due to the 
location of the strain gauge, with 01/0.5P Young’s modulus of 62.1 ±4.6 GPa and a low-
strain modulus of 62.4 ± 4.2 GPa.  The failure strengths have a mean value of 309 ± 17 MPa 
and the strain to failure was 0.5 ± 0.1%.  Again, these are small standard deviations 
compared to the PCRT specimens.  Comparative specimens providing strain measurement in 
the ligament and central position are identified by dashed curves of blue and red respectively 
(Figure 5.16).  No outliers were identified.  A complete set of results is shown in Table 5.4.   
 
The stress-strain curves for the specimens that represent the maximum, ‘mean’ and minimum 
strengths are compared in Figure 5.17. Although it would be expected of a matrix-dominated 
property, that the stress-strain relationship displays some non-linearity, very little non-
linearity is apparent, as shown by the similarity between the 01/0/5P Young’s modulus and 
the low-strain Young’s modulus. 
 
Chapter 5 Experimental results: notched specimens 
102 
Photographs taken of the failed specimens (Figure 5.18 to Figure 5.20) show very little 
discernible difference in failure between the maximum, ‘mean’, and minimum specimens.  
They all show a failure associated with the edge of the hole.  However, the edge views of 
each specimen suggest that failure occurred by shear on through thickness planes of 45° 
shear to the loading direction. 
 
 
Figure 5.16   Graph of stress against strain for OHCRT coupons 
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Figure 5.17   Maximum (OHC-03-1T), ‘mean’ (OHC-22-3B)                                                          
and minimum (OHC-01-3B) strength curves 
 
Table 5.4   Mechanical properties of notched compressive specimens in RT conditions 
(OHCRT) 
Specimen 
Strength – Young’s 
modulus – 
Low strain 
modulus 
Strain to 
failure – 
σN (MPa) E (GPa) (GPa) εf (%) 
OHC-22-2B -320.5 64.5 64.5 -0.49 
OHC-01-3B 275.5 63.1 63 0.43 
OHC-14-1T 282.52 58.3 59 0.49 
OHC-07-3T 283.73 50.7 51.5 0.58 
OHC-18-3B 286.97 67.2 67 0.43 
OHC-24-2T 289.24 68.9 68.5 0.41 
OHC-12-3B 289.88 57.8 58.5 0.47 
OHC-02-1T 291.24 58.9 59 0.41 
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Table 5.4   (continued)  Mechanical properties of notched compressive specimens in RT 
conditions (OHCRT). 
Specimen Strength – 
σN (MPa) 
Young’s 
modulus – 
E (GPa) 
Low strain 
modulus 
(GPa) 
Strain to 
failure – 
εf (%) 
OHC-01-1B 292.04 59.7 59 0.47 
OHC-02-2B 295.84 54.3 54 0.53 
OHC-21-3B 299.71 60 60 0.47 
OHC-21-3T 300.34 61.2 61 0.47 
OHC-07-1T 302.21 59.2 59 0.49 
OHC-01-1T 304.24 61.7 62 0.48 
OHC-02-3B 304.52 63.4 63.5 0.47 
OHC-18-1T 305.89 63.2 63.6 0.57 
OHC-23-3B 306.22 59.5 59 0.51 
OHC-01-2T 307.04 60.9 66.5 0.49 
OHC-25-3B 307.36 63.3 65 0.51 
OHC-22-3B 310.12 63 64 0.5 
OHC-18-1B 313.28 52.7 54 0.58 
OHC-22-2T 314.04 67.6 65.5 0.47 
OHC-01-2B 314.34 61.3 62 0.49 
OHC-12-3T 315 61.3 61.5 0.49 
OHC-23-1T 316.83 64.2  64.25 0.48 
OHC-04-1T 321.57 61.9 62.5 0.51 
OHC-21-1T 324.2 72.2 70 0.42 
OHC-03-3B 325.03 64.9 65.5 0.48 
OHC-24-1T 325.61 70.4 69 0.46 
OHC-16-3T 325.8 65.6 65.5 0.5 
OHC-22-1B 327.02 58.3 59 0.6 
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Table 5.4   (continued)  Mechanical properties of notched compressive specimens in RT 
conditions (OHCRT). 
 
Specimen Strength – 
σN (MPa) 
Young’s 
modulus – 
E (GPa) 
Low strain 
modulus 
(GPa) 
Strain to 
failure – 
εf (%) 
OHC-02-2T 333.63 60 60 0.54 
OHC-23-1B 333.86 65.5 66.5 0.51 
OHC-02-1B 338.37 66.1 66 0.5 
OHC-03-1T 339.59 66.1 66 0.48 
Mean 309 62.1 62.4 0.5 
Standard deviation 
(SD) 17 4.6 4.2 0.05 
 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 5.18   Photograph of OHC-03-1T (maximum strength),                                                           
(a) edge view (b) plan view and (c) other edge view 
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(a) 
 
(b) 
 
(c) 
Figure 5.19   Photograph of OHC-22-3B (‘mean’ strength), (a) edge view                                           
(b) plan view and (c) other edge view 
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(a) 
 
(b) 
 
(c) 
Figure 5.20   Photograph of OHC-01-3B (minimum strength),                                                            
(a) edge view (b) plan view and (c) other edge view 
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5.3.2 Hot-wet conditions (OHCHW) 
The stress-strain curves shown in Figure 5.21, are for all open-hole specimens tested under 
HW conditions in compression.  The behaviour shows a small but distinct non-linearity, as 
would be expected of a matrix-dominated property, although apparently less non-linearity 
than for the PCHW specimens.  The mean value of the 0.1/0.5 P Young’s modulus is 42.8 
±3.1 GPa and the low strain modulus is also 44.1 ±3.3 GPa.  The failure strengths have a 
mean value of 300 ± 19 MPa with no outliers identified.  The complete set of results is 
shown in Table 5.5. 
 
The stress-strain curves for the specimens that represent the maximum, ‘mean’ and minimum 
strength values obtained for the open-hole compression, hot-wet conditions are compared in 
Figure 5.22, showing, with more clarity, the unexpectedly linear behaviour.  Photographs of 
the failed specimens (Figures 5.23 and 5.25) show very little discernible difference in failure 
between these specimens. They all show a failure associated with the edge of the hole.  As 
with the OHCRT specimens, fracture appears to be on through-thickness planes at 45º to the 
loading direction. 
 
 
Figure 5.21   Graph of stress against strain for OHCHW coupons 
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Figure 5.22   Maximum (OHC-04-1B-H), ‘mean’ (OHT-10-3T-H)                                                     
and minimum (OHC-10-1T-H) strength curves 
 
Table 5.5   Mechanical properties of notched compressive specimens OHCHW 
Specimen 
Strength – Young’s 
modulus – 
Low strain 
modulus 
Strain to 
failure – 
σN (MPa) E (GPa) (GPa) εf (%) 
OHC-10-1T-H 267.23 37.6 39.0 0.69 
OHC-11-2B-H 281.03 39.6 40.0 0.72 
OHC-14-3B-H 281.12 43.9 44.5 0.66 
OHC-09-3B-H 288.26 45.8 50.5 0.64 
OHC-08-1T-H 288.75 42.4 44.0 0.7 
OHC-04-3B-H 292.24 43.1 43.0 0.68 
OHC-04-2B-H 298.3 42.4 44.0 0.73 
OHC-10-3T-H 303.77 37.8 39.5 0.82 
OHC-14-3T-H 310.24 44.9 45.0 0.7 
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Table 5.5 (continued)   Mechanical properties of notched compressive specimens OHCHW 
Specimen Strength – Young’s 
modulus – 
Low strain 
modulus 
Strain to 
failure – 
 σN (MPa) E (GPa) (GPa) εf (%) 
OHC-09-2T-H 314.12 44.7 46.5 0.72 
OHC-09-2B-H 317.69 44.8 44.5 0.73 
OHC-11-1B-H 320.8 41.0 43.5 0.8 
OHC-04-1B-H 336.72 48.6 49.0 0.77 
Mean 300 42.8 44.1 0.7 
Standard 
deviation (SD) 19 3.1 3.3 0.05 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
(b) 
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(c) 
 
 
(d) 
Figure 5.23   Photograph of OHC-04-1B-H (maximum strength),                                                        
(a) edge view, (b) plan view and (c) other edge view 
 
 
 
(a) 
 
 
(b) 
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(c) 
 
 
(d) 
Figure 5.24   Photograph of OHC-10-3T-H (‘mean’ strength), (a) edge view,                                      
(b) plan view top, (c) other side view and (d) plan view bottom 
 
 
 
 
(a) 
 
 
(b) 
 
Figure 5.25   Photograph of OHC-10-1T-H (minimum strength)                                               
showing both side views, (a) and (b) 
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5.3.3 Cold-dry conditions (OHCCD) 
The stress strain curves shown in Figure 5.26 are for all specimens tested under open-hole 
compression CD conditions and some non-linearity is apparent in these curves, especially at 
higher strains, which is greater than was found for the PTCD specimens.  The mean value of 
0.1/0.5P modulus is 44.2 ± 2.5 GPa and the low-strain modulus was 46.4 ± 2.2 GPa.  The 
failure strengths have a mean value of 392 ± 25 MPa, with a strain to failure of 0.9 ± 0.1%. 
No outliers were identified and the complete set of results is provided in Table 5.6 
 
Figure 5.27 shows the stress-strain curves for the maximum, ‘mean’ and minimum strength 
specimens. Photographs of these specimens (Figure 5.28 to Figure 5.30) show very little 
discernible difference between the maximum, ‘mean’ and minimum specimens.  They all 
show a failure associated with the edge of the hole.  However, the shear fracture planes 
found for the OHCRT and OHCHW specimens are not seen for the OHCCD specimens.  
Instead, macroscopic failure appears to show buckling and delamination of the plies, very 
similar to the failures found for the plain compressions specimens which failed within the 
gauge section at all temperatures. 
  
Figure 5.26   Graph of stress against strain for OHCCD 
Chapter 5 Experimental results: notched specimens 
114 
. 
Figure 5.27   Maximum (OHC-16-2T-C), ‘mean’ (OHC-25-3T-C)                                                  
and minimum (OHC-15-1T-C) strength curves 
Table 5.6   Mechanical Properties of Notched Compressive Specimens OHCCD 
Specimen 
Strength – Young’s 
modulus – 
Low strain 
modulus 
Strain to 
failure – 
σN (MPa) E (GPa) (GPa) εf (%) 
OHC-15-1T-C 324.98 44.3 44.5 0.76 
OHC-26-3T-C 374.64 43.9 46 0.93 
OHC-26-2B-C 376.65 48.8 50 0.78 
OHC-18-2T-C 378.34 47.1 45.5 0.82 
OHC-18-3T-C 380.61 37.9 41 1.03 
OHC-06-2B-C 380.9 43.2 45 0.9 
OHC-15-2B-C 390.73 47.1 48.5 0.84 
OHC-25-3T-C 391.43 45.1 49 0.88 
OHC-26-1B-C 405.16 40.8 47.5 0.96 
OHC-17-4B-C 406.93 42.5 45 1.01 
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Table 5.6   (continued) Mechanical Properties of Notched Compressive Specimens OHCCD 
Specimen 
Strength – Young’s 
modulus – 
Low strain 
modulus 
Strain to 
failure – 
σN (MPa) E (GPa) (GPa) εf (%) 
OHC-03-3T-C 406.93 44.5 45.5 0.94 
OHC-02-3T-C 408.65 45.5 46 0.92 
OHC-03-2T-C 415.02 43.8 46.5 0.98 
OHC-15-2T-C 416.76 44.8 48.5 0.98 
OHC-16-2T-C 422.3 43.8 47.5 1.02 
Mean 392 44.2 46.4 0.9 
Standard 
deviation (SD) 25 2.5 2.2 0.1 
 
 
 
 
(a) 
 
(b) 
Chapter 5 Experimental results: notched specimens 
116 
 
(c) 
Figure 5.28   Photograph of OHC-16-2T-C (maximum strength),                                                   
(a) plan view top, (b) edge view and (c) plan view bottom 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 5.29   Photograph of OHC-25-3T-C (‘mean’ strength),                                                          
(a) plan view top, (b) edge view and (c) plan view bottom 
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(a) 
 
 
(b) 
 
 
(c) 
Figure 5.30   Photograph of OHC-15-1T-C (minimum strength),                                                         
(a) plan view top, (b) edge view and (c) plan view bottom 
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5.4 Notched specimen results: discussions 
A summary of all of the notched coupon failure strengths, moduli and failure strains is 
shown in Table 5.7. The striking difference with the plain coupon test results (summarised in 
Table 4.7) is the significantly lower standard deviations for the open-hole tests, whether in 
tension or compression. All of the failures are also associated with the hole, whether in 
tension or compression, as expected. 
 
Table 5.7   Summary of notched and unnotched test results: - Mean failure strength, modulus 
and failure strain (Standard deviations are shown in parentheses). The value marked thus ‘*’ 
is 42.8 GPa in the ligament position 
Specimen type 
 
Failure strength 
(MPa) 
Modulus (GPa) 
Low strain 
modulus 
(GPa) 
Failure strain 
(%) 
OHTRT 362 (18) 45.3 (2.1) 45.6 (2.2) 0.8 (0.03) 
OHTHW 418 (21) 50.5 (2.3) 50.6 (2.1) 0.8 (0.04) 
OHTCD 375 (25) 51.9 (3.5)  53.3 (3.0) 0.7 (0.03) 
OHCRT 309 (17) 62.1 * (4.6) 62.4 (4.2) 0.5 (0.05) 
OHCHW 300 (19) 42.8 (3.1) 44.1 (3.3) 0.7 (0.05) 
OHCCD 392 (25) 44.2 (2.5) 46.4 (2.2) 0.9 (0.1) 
PTRT 765 (64) 50.7 (2.2) 50.3 (2.7) 1.5 (0.2) 
PTHW 795 (49) 49.8 (2.4) 49.6 (1.8) 1.6 (0.1) 
PTCD 760 (55) 51.3 (2.6) 52.4 (3.0) 1.5 (0.1) 
PCRT 547 (61) 45.9 (2.5) 48.1 (2.1) 1.3 (0.3) 
PCHW 518 (49) 44.0 (3.7) 47.5 (2.7) 1.1 (0.3) 
PCCD 595 (48) 48.1 (6.2) 50.7 (2.9) 1.2 (0.4) 
 
 
It is interesting to compare the strengths for the plain (Table 4.7) and notched (Table 5.7) 
coupons for the three conditions.  By dividing the plain tension strengths by the open-hole 
strengths, it is possible to derive an “apparent” stress concentration factor.  For the 
specimens tested in tension, this produces a value of 2.1, 1.9 and 2.0 for the RT, HW and CD 
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conditions; in other words, there is no difference in the values for these three conditions.  
However, for the specimens tested in compression, the “apparent” stress concentration 
factors are 1.8, 1.7 and 1.5 for the RT, HW and CD conditions.   It is tempting to relate the 
difference between the “apparent” stress concentration factor for the OHCCD tests (1.5), 
compared to the OHCRT and OHCHW (1.8 and 1.7) to a change of mechanism.  Failure of 
the OHCCD specimens occurred on through-thickness shear planes at 45˚ to the loading 
direction.  Such failures were not seen in any other coupon except when failure was 
constrained within the grip.  It is possible that the reduction in the “apparent” stress 
concentration factor is related, in some way, to this change in failure mechanism.   It can also 
be seen that the difference between notched and unnotched moduli for each condition is 
typically no greater than 10 %.   
5.5 Notched: Concluding remarks 
In this chapter, the behaviour of the CFRP coupons containing a notch in tension and 
compression has been determined.  The striking feature that emerges is that the standard 
deviation, i.e. the spread of data, is much smaller for the notched coupon tests than for the 
unnotched coupons.  A statistical comparison of the notched and plain specimen strength 
data variation, important to the derivation of design allowables, is conducted in the following 
chapter. 
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CHAPTER 6   MECHANICAL DATA AND STATISTICAL 
COMPARISON 
6.1 Introduction 
In the previous two chapters it was seen that, when testing notched and unnotched CFRP 
quasi-isotropic laminates, the variation in strength is considerably less when notched 
specimens are used.  Photographs of the failed specimens also imply that the failure 
mechanisms for notched and unnotched specimens, when considering gauge length failure, 
are similar, with the exception of the OHCCD specimens.  In addition, it has also been 
shown that the modulus, otherwise obtained from unnotched specimens, may also be derived 
from notched specimens (within 10 %).  
 
In this chapter, the mechanical strength response of the quasi-isotropic CFRP laminate is 
discussed further and the data analysed statistically.  The results show how the mean strength 
and B-Basis are affected by the specimen type, quantity, test condition, and the selection of 
best-fit distribution.   
 
Firstly, the mechanical response considering the mean strength and associated standard 
deviation for each data set is compared.  The data are then treated to obtain a best fit in 
distribution in strength suitable for the traditional method for the generation of design 
allowables.  The distributions are discussed, and some observations are made, regarding the 
number of specimens required to obtain a reliable mean strength and B-basis using notched 
specimens alone.  This encompasses an investigation of the effect of the specimen location in 
the sample plate followed by some discussion on the apparent sample batch size required for 
each specimen type.  
 
The final section uses the Weibull method as a means of interrogating the data with respect 
to possible changes in damage development due to specimen type or condition. The chapter 
is then concluded with a summary discussion of the findings. 
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6.2 Mechanical response 
6.2.1 Failure strength of conditioned specimens 
A summary of the mechanical test results presented in Chapters 4 and 5 is reproduced in 
Figure 6.1, in which the mean strengths and standard deviations are shown for each test case 
together with the number of specimens tested, (n).  The y-error bars show clearly that there is 
significantly reduced scatter in all of the results for the notched data sets, both in absolute 
terms and as a percentage of the mean value.   
 
The basic trend in tensile results for both specimen types, are much as would be expected; 
the effect of moisture and elevated temperature is to increase the level of sub-critical damage 
and so delay final fracture. This is evident, in the failure photographs in the previous chapter, 
by the degree of out-of-plane damage observed.  The compression test results show a drop in 
strength as the moisture and temperature is increased (see Figure 6.2).  This trend is also 
expected due to the more compliant matrix under HW conditions, providing less resistance 
to fibre microbuckling. 
 
In the unnotched tensile specimens (i.e. PTCD, PTRT and PTHW) an increase in moisture 
and temperature leads to an increase in the mean failure strength of approximately 5 %. This 
is as would be expected for a fibre-dominated property where there is likely to be a 
relaxation in residual stresses. The reverse appears to be true of the unnotched compression 
specimens (i.e. PCCD, PCRT and PCHW) where the increased levels of moisture and heat 
reduce the capacity for the matrix to support the fibre against microbuckling (e.g. Soutis, 
2008). The compression strength of the unnotched coupons is lower than the tensile strength, 
by about 30 % at the RT condition.  
 
The notched properties follow the same general trend as for the unnotched results; however, 
notched strengths are substantially lower than the unnotched properties.  For instance, the 
strength reductions under RT conditions of 40 – 50 % are more than twice those that would 
be expected simply on the basis of the reduction in the net- cross-sectional area (19 %). 
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Figure 6.1   Histograms showing mean failure strengths (MPa) for each specimen type 
against test condition (error bars represent one standard deviation) 
 
Figure 6.2   Curves showing the effect of temperature and moisture                                                   
on the mean failure strength 
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6.3 Statistical comparison 
6.3.1 Generalised strength distribution 
The literature review described how the B-basis Deign Allowable is obtained statistically, 
and that the result is dependent on the distribution model which best fits the test data.  
 
When considering scatter in results of a particular test it is usual in many applications to 
arrange the data so that it is Normally distributed about a mean value.  Figure 6.3 and Figure 
6.4, show the test data obtained from the previous chapter as a set of curves representing the 
Normal Probability Density Function (PDF), equation 2.1, and Cumulative Distribution 
Function (CDF), equation 2.2, for the different test cases.  These curves were generated 
using an Excel spread sheet with the in-built Normal Distribution function. 
 
It can be seen in Figure 6.3 that the PDF curves show some overlap in distributions, 
especially when examining the unnotched specimens. If we consider the PT (Plain Tensile 
i.e. unnotched) specimens, it can be seen that the PTRT curve overlaps that of the PTCD 
curve. This implies that the more costly CD tests might not be necessary. However, this is 
not the case in compression. For instance, the notched specimens show an overlap of the 
OHCHW over the OHCRT results very slightly. 
 
The worst-case is, as expected, HW compression; therefore this is an essential test.  The test 
data were tested for outliers using the Normalized Maximum Residual method with a level 
of 0.05 as described in MHDiK-17F, Volume 1. The PTRT and PCRT data show large 
variation. When inspecting the PDF curves there are a number of significantly low strength 
values that occur away from the main group. 
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Figure 6.3   Test data plotted as Normal probability density functions 
 
Figure 6.4   Test data plotted as Normal cumulative distribution functions – representing 
probability of survival (all data points shown) 
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6.3.2 Failure strength and specimen extraction 
Although each sample plate was assessed for defects, it is possible that toward the processed 
edge of the laminate there will be some variation in the fibre-matrix ratio.  Therefore, it 
might be expected that specimens cut from this region of the sample plate may yield 
different results.  
 
In a similar manner to the previous chapter, the maximum, mean and minimum strength 
specimens were examined. The possibility of erroneous values, identified by the outlier test 
(MNR) described in Chapter 2, being those specimens cut from the edge of the sample plate 
was considered.  However, the comparison did not show any relationship between specimen 
location and outlier strength. The tabulated results are shown in the appendices in Table B. 1. 
 
6.3.3 B-Basis and the strength distribution 
The guidelines for generating design allowables (MHDBK-17F, Volume 1), state that test 
data should first be tested for fit against a Weibull distribution, followed by a test for the 
Normal and Lognormal distributions. The B-basis is then determined using the procedure 
outlined in Chapter 2. The results for each test case, in this present study, are shown in Table 
6. 1.  It can be seen that the best fit is not always the Weibull distribution.  This is indicated 
by a high observed significance level (OSL) values. For example, the PTHW data set show 
that the highest OSL value occurs when tested against the Normal distribution (OSLN) rather 
than the Weibull distribution (OSLW).  The consequence is that the B-basis used would be 
687 MPa (BN) if applying the normal distribution rather than 656 MPa (BW).  The results for 
all test cases can be seen in Figures 6.5 and 6.6.  It is interesting to note that the B-basis 
values are less variable when considering the notched results (Figure 6.6).  
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Table 6.1     Results of statistical analysis obtained using the AD test with the best fit method    
in  MHDBK-17F, Volume 1 (*) and Ф the best fit ignoring the preference for the 
Weibull distribution.  
Specimen 
Type 
(n) 
σf, 
MPa 
± s 
CV 
% 
*Best fit 
distribution 
Ф Best fit 
distribution 
OSLW 
BW 
MPa 
OSLN 
BN 
MPa 
OSLL 
BL 
MPa 
PTRT 21 
765 
± 64 
8.35 Weibull Weibull 0.888 624 0.63255 644 0.445 648 
PTHW 12 
795 
± 49 
6.13 Weibull Normal 0.673 656 0.71825 687 0.713 693 
PTCD 14 
760 
± 55 
7.19 Weibull Lognormal 0.105 597 0.29172 645 0.379 654 
PCRT 31 
553 
± 51 
9.24 Weibull Normal 0.408 442 0.44114 462 0.225 465 
PCHW 11 
518 
± 49 
9.50 Weibull Weibull 0.238 414 0.07386 406 0.0422 411 
PCCD 11 
595 
± 48 
4.91 Weibull Weibull 0.636 524 0.53659 538 0.503 541 
OHTRT 17 
362 
± 18 
4.93 Weibull Lognormal 0.0830 314 0.34487 326 0.394 328 
OHTHW 15 
418 
± 21 
4.99 Weibull Weibull 0.337 369 0.26092 375 0.239 376 
OHTCD 15 
375  
± 25 
6.80 Weibull Normal 0.492 311 0.50037 322 0.458 324 
OHCRT 35 
309 
± 17 
5.44 Weibull Normal 0.453 273 0.65990 280 0.633 281 
OHCHW 13 
300 
± 19 
6.48 Weibull Lognormal 0.593 245 0.70765 258 0.726 261 
OHCCD 14 
397 
± 25 
4.20 Weibull Weibull 0.141 353 0.10339 362 0.0988 363 
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Figure 6.5   Combination charts showing OSL and B-basis for the Weibull, Normal and 
Lognormal as applied to unnotched specimens 
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Figure 6.6   Combination charts showing OSL and B-basis for the Weibull,                             
Normal and Lognormal as applied to notched specimens 
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6.3.4 Considering the effect of environment on the B-basis 
If we consider the effect of condition on the B-basis value for each distribution as shown in 
Figure 6.7, below, it can be seen that it follows the same basic trends as the mean failure 
strength shown previously in Figure 6.2.   However, the effect of condition on the scatter and 
hence B-basis value is better analysed by considering a Normalised value (Figure 6.8) which 
shows the variation in the ratio of mean failure strength against B-Basis for each data set.  
The ratio represents a notional scatter factor based on the design allowable rather than the 
mean.   
 
It can be seen that the HW condition has the most effect on the compressive B-basis value.  
There is an improvement in tensile B-basis with temperature and moisture.  These trends are 
similar to the mean and B-basis curves already shown.  It does show however, that the HW 
unnotched specimens (PCHW) are most sensitive to variation and therefore can yield a 
comparatively low B-Basis.  The most noticeable features are the comparatively large 
difference associated with the RT compression, and largely the HW compression, data sets.  
 
It can be deduced that the HW compressive test condition has a greater influence on the 
generation of design allowables than other conditions. In comparison, the notched HW 
compression scatter factor is significantly lower. This is important when considering that 
HW compression strain values are often the limiting design criteria in aerospace structural 
design.  
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Figure 6.7   Curves showing the effect of temperature and moisture on the B-basis values 
(Weibull, Normal and Lognormal B-Basis values are taken from                                                    
Table 6.1 with OSL of 0.05) 
 
Figure 6.8   Comparison of B-basis knockdown (B-basis/mean failure strength)                             
for each data set using the Normal B-basis value (BN) 
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6.3.5 Sample size 
It has been described in the literature review that the comparatively high cost of non-ambient 
testing means that reducing the number of specimens required for the generation of reliable 
design allowables is of interest.  By plotting the number of specimens against the running 
average of the specimen strength and observing the levelling out of the curve (the 
convergence of the running average with the final average) some discussions can be made 
regarding the minimum number of specimens required to obtain a mean strength (see Figure 
6.9).  Examining the unnotched tension results first, which, as would be expected, all lie at 
the higher strength values, all the conditions, excluding the PTHW data, require about 12 or 
13 specimens before the mean value appears to begin to ‘stabilise’.  The PTHW data appears 
to decrease after the first four data points. 
 
 The notched data sets, on the other hand, appear to reach a ‘stable’ value after 
approximately 5 to 7 data points have been obtained.  If this approach is extended to the B-
Basis value, assuming the final standard deviation (SD) from each data set remains constant 
and only the mean (X) and tolerance factor (kb) vary, then the following curves are obtained  
(Figure 6.10). These curves show a smoother transition to a stable value but are, as expected, 
of a similar trend to those curves shown in Figure 6.9. It can be again be seen that the 
notched curves reach a stable value after approximately 5 to 7 data points have been 
obtained.  The difference between the notched and unnotched results is a manifestation of the 
scatter associated with unnotched test data. 
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Figure 6.9   Test data sampled by plotting running average against number of specimens (n). 
(Mean failure strength presented in parentheses) 
 
 
Figure 6.10    Test data sampled by plotting B-basis value against the number of specimens 
(n). (B-Basis values presented in parentheses) 
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6.3.6 Considering the Weibull plot of the test data 
Each data set was plotted in Figure 6.11 as individual Weibull plots to identify any particular 
features and to compare the slope (shape parameter or Weibull modulus). These curves were 
generated using the probability of survival (Ps); an approximation for a sample set of around 
30 specimens (See BS EN 616439:2008). 
 
(6.1) 
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For the linear representation shown in Figure 6.11 the y axis is described by inverting Ps and 
taking the logarithm twice (ln ln/(1/Ps) and the failure strength, the x-axis, is plotted as a 
logarithm (ln σ). The value of the slope of these curves is the Weibull modulus (α) and when 
the data is fitted to a line of best fit (by linear regression) it is a representation of the scatter 
in the data.  The Weibull modulus, m, calculated from the slope of the line of best fit, for the 
data sets plotted in Figure 6.11, along with the CV for each data set are presented in Table 
6.2.   The data set showing the least good fit to the Weibull model is the PCHW data set 
(Figure 6.11 ) with a noticeable ‘dog-leg’.   
 
According to Abernethy (2006), this bi-modality suggests there is more than one failure 
mode within the data set.  The photographs of the ‘minimum-strength’ specimen, (Figure 
4.23), show a significantly different failure to the images taken of the mean and maximum 
strength PCHW specimens (Figure 4.24 and Figure 4.25). In this study this phenomena is 
attributed to some misalignment during the testing.  Although it can be seen, bimodality is 
less evident in the other data sets shown in Figure 6.11.  However, this may also indicate 
different failure modes within that data set.  Further observations on failed specimens 
showed that the lowest three data points (i.e. PC-04-1T-H, PC-14-1T-H and PC-06-1T-H) 
lying on the shallower slope, all failed within the tab due to shear (e.g. see Figure 4.23). The 
remaining specimens exhibited a failure within the gauge section (e.g. Figure 4.23 and 4.25).  
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Where the data curves are above the corresponding straight line, such as that shown in the 
OHCHW data, Abernethy (2006) suggests that the data is best fitted to the Lognormal 
distribution.  There also appears to be a small amount of curvature in the PTCD data. Both 
these data sets have been identified earlier as two of three data sets which fit a lognormal 
distribution best (see Table 6.1). 
 
 
 
Figure 6.11   Weibull plot showing data for all specimen types and all conditions 
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Table 6.2   Tabulated results of the Weibull moduli obtained by linear regression of 
graphical data shown in Figure 6.11. 
 
Specimen 
Type 
Number of 
specimens,  N 
 
Failure 
strength, σf, 
(MPa) 
 
± SD 
(MPa) 
Weibull 
modulus 
m 
CV (%) 
PTRT 21 765 ± 64 15 8.35 
PTHW 12 795 ± 49 18 6.13 
PTCD 14 760 ± 55 15 7.19 
PCRT 31 553 ± 51 12 9.24 
PCHW 11 518 ± 49 11 9.50 
PCCD 11 595 ± 48 22 4.91 
OHTRT 17 362 ± 18 16 4.93 
OHTHW 15 418 ± 21 22 4.99 
OHTCD 15 375 ± 25 25.5 6.80 
OHCRT 35 309 ± 17 21.5 5.44 
OHCHW 13 300 ± 19 17 6.48 
OHCCD 14 397 ± 25 22 4.20 
 
 
It is postulated that by treating the data as being from a single batch changes in failure 
mechanism with respect to test condition.  The graphs in Figure 6.12 through to 6.15 show 
Weibull plots with an abscissa of ln (σ/σm) for each specimen type with higher strength 
specimens appearing in the upper right hand corner of the graph and lower strength 
appearing in the lower left hand corner. These graphs are reproduced in the appendices with 
each specimen identified (Figure B.4 to Figure B.7). 
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It can be seen that whereas the unnotched data fits a straight line comparatively well (Figure 
6.12 and 6.13), the notched data, shown in Figure 6.14 and 6.15 displays a significant 
amount of bimodality.  For instance, in the notched tensile data the test condition is dispersed 
throughout the graph with the exception of the HW data points which occur mostly in the 
upper right hand corner (as would be expected) on what could be a different slope.  The 
notched compressive data also shows a similar pattern but with the OHCCD data almost 
entirely located in the upper right hand corner of the plot (Figure 6.15). These features 
indicate a different failure mode for the OHTHW and OHCCD specimens. These results 
correspond with the observations made in Chapter 5, where a change in failure mode in the 
OHCCD specimens is postulated ( i.e. that when compared with the OHCRT and OHCHW 
specimens the OHCCD specimens exhibit less out of plane shear failure). 
 
The notched tensile Weibull plot of Figure 6.14, although not as striking as the notched 
compression plot in Figure 6.15, shows that the OHTHW data could also be demonstrating a 
different failure mode. However, the failure photographs of the OHTHW specimens (Figure 
5.8, Figure 5.9 and Figure 5.10) when compared with the OHTRT do not display any 
discernible differences. Comparisons drawn with the OHTCD however are significant 
showing much less out of plane damage (Figure 5.13, Figure 5.14 and Figure 5.15).  
Therefore, comparison between the failure photographs in Chapter 5 and the Weibull plots 
suggest that a change in failure mode can be identified directly from Weibull plots and that 
there is a change in failure mode in the CD and HW test conditions in accordance with the 
response of the laminate to these conditions (see section  2.3 ). 
 
The unnotched tensile data points, obtained from specimens which failed in the gauge length, 
represented by ‘X’ in Figure 6.13 do not appear to be significantly different from those 
which failed elsewhere. 
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Weibull plot of unnotched tensile data (N=47). Mean of all data srengths
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Figure 6.12   Weibull plot of all unnotched tensile data (N=47, mean strength of all 
specimens. Gauge failures represented by ‘X’. HW specimens depicted in orange,                         
RT in green and CD specimens are shown in blue 
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Weibull plot of unnotched compressive data (N=53). Mean of all data srengths
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Figure 6.13   Weibull plot of all unnotched compressive data                                                      
(N=53, mean strength of all specimens) 
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Weibull plot of notched tensile data (N=47). Mean of all data strengths
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Figure 6.14   Weibull plot of all notched tensile data                                                                    
(N=47, mean strength of all specimens) 
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Weibull plot of notched compressive data (N=63). Mean of all data strengths
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Figure 6.15   Weibull plot of all notched compressive data                                                         
(N=63, mean strength of all specimens) 
Chapter 6 Mechanical data and statistical comparison 
 
142 
6.4 Summary and concluding remarks 
In this chapter, the experimental strength response of the quasi-isotropic CFRP laminate has 
been discussed and the data analysed statistically. The results show how the mean strength 
and B-Basis values are affected by the specimen type, quantity, test condition, and the 
selection of best-fit distribution. The results show that the strength results in this present 
study are in agreement with expected trends.   
 
An overall observation was that there was significant reduction in scatter in the notched 
results as postulated; this seems to signify less variability in the type of distribution that best 
fits the data. Furthermore, the B-notched B-Basis values showed less variability. When 
considering the unnotched data, the distribution and the B-basis are more varied. This means 
there is a much greater chance of obtaining a lower B-basis through the inappropriate 
selection of the distribution.  
 
Therefore, the variation in strength measurements obtained by using notched type specimens 
can potentially provide improved mean strengths and B-basis values. The use of unnotched 
specimen data therefore, could lead to unrepresentative mean and B-basis values through the 
improper fit of distribution and the large scatter associated with tab failure or failure due to 
test configuration. Examining the mean and B-Basis values it was seen that the reduced 
scatter in the notched specimens also resulted in fewer specimens being required to obtain a 
reasonable mean strength.  
 
The data were also examined using Weibull plots and although no specific observations 
could be made from the unnotched data, the conditioned notched data showed some 
correspondence with expected trends, sufficient to suggest a change in failure mode for each 
condition; most noticeably for the CD specimen data. This correlates with experimental 
observations in the previous chapter. 
 
In the next chapter, the relationship between notched and unnotched laminate strength, and 
the variation in strength, discussed here, is explored using a fracture mechanics and damage 
growth model. 
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CHAPTER 7   PREDICTIVE MODEL: THE RELATIONSHIP  
BETWEEN UNNOTCHED AND NOTCHED 
STRENGTH 
7.1 Introduction 
In the previous chapter, the experimental strength response of a quasi-isotropic CFRP 
laminate was discussed and the data were analysed statistically.  The results show how a 
mean strength and B-Basis value were obtained with fewer tests when using notched 
specimens when compared with unnotched or plain specimens.  Furthermore, the statistical 
analysis, as well as showing a significant reduction in scatter in the notched results, seemed 
to signify less variability in the type of distribution which best fits the data.   
 
Therefore, it is postulated that the use of unnotched specimen data can lead to 
unrepresentative mean and B-basis values through the improper fit of distribution and the 
large scatter associated with tab failure or failure due to test configuration.  For instance, it 
may be possible, for a quasi-isotropic laminate, for the notched strength to be obtained from 
existing unnotched data or, indeed, vice-versa.   
 
In this chapter it is demonstrated that the apparent fracture toughness (Kc) may be used to 
explore the relationship between notched and unnotched laminates for a range of test 
conditions and so properties from notched can be derived from unnotched data or vice-
versa.. This is achieved by using notched and unnotched specimens, simple laminate analysis 
and the use of a damage growth/fracture mechanics model. 
7.2 A damage growth/fracture mechanics model for notched strength 
7.2.1 Introduction of the DG/FM Model 
It has been discussed, in Chapter 2, that damage in notched laminates initiates at the edge of 
the hole and progresses until it reaches a critical condition - at which point the laminate will 
fail catastrophically through failure of the 0° plies.   
 
The stress-based approach implemented by Belmonte et al (2004) for predicting damage 
growth (DG) in conjunction with a fracture mechanics (FM) model for predicting ultimate 
failure/fracture is applied to the experimental data. This enables the fracture toughness (Kc) 
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to be obtained and used as a material parameter that can be compared for the different test 
conditions. This model also allows the relationship between the variation in notched and 
unnotched strengths to be considered.   
 
An assumption of this is that for notched laminates, damage initiates at the edge of the hole 
and progresses until a critical damage length (or zone) is reached, at which point the 
laminate will fail catastrophically through failure of the 0° plies.  Much of this has already 
been described in Chapter 2 but is reiterated here in context.   
 
The critical damage zone (co) can be compared to the flaw size in traditional fracture 
mechanics models.  Catastrophic failure is assumed to occur when the combination of 
damage zone size c (= co) and applied stress σ (= σf ) satisfy the fracture mechanics (FM) 
failure criterion given in Equation (7.1) below; where, F0 is the correction factor for cracks 
growing from holes and Y2 is the finite width correction factor.   
 
(7. 1) 
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The damage growth (DG) part of the model considers the stress distribution at the hole edge 
and supposes that damage growth occurs in accordance with the Whitney and Nusimer 
(1975) average stress model.  In this way, the damage zone is determined as the distance 
from the edge of the hole, over which the average value of the stress reaches the unnotched 
strength, i.e.: 
 
(7. 2) 
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In the above equation, σy is the stress adjacent to the notch edge, σ0 is the unnotched tensile 
strength and Y1 is the finite width correction factor. Integrating over the width of the 
specimen this becomes:  
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For quasi-isotropic laminates, where KT ≈ 3 (see Table 2.1), equation 7.3 rearranges to 
equation 7.4 shown below (Whitney and Nusimer,1975). 
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Where σ is the applied laminate stress to grow a damage zone to a critical size (c) and ϕ is 
given by the relationship shown below where R is the radius of the hole.  
 
(7.5) 
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The correction factor Y1,for the specimen width (W) is given by: 
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Combining equations (7.1) and (7.4), we are able to obtain the notched strength of the 
material, provided values are available for the unnotched strength and the fracture toughness 
of the laminate.  The essential feature of this approach is based on the idea that the two 
curves intersect at a damage development level which is sufficient to cause catastrophic 
failure. The results of applying this approach to the experimental data in this present study 
are shown below. 
 
7.2.2 Estimation of Fracture toughness - Kc 
The fracture toughness Kc, (see equation 7.6) under any test condition, is determined 
graphically from the intersection of the corresponding DG curve (based on the experimental 
value of the unnotched strength - σO) with the experimental value of the notched strength; 
the value of the fracture toughness is chosen so that the FM curve meets at this point, which 
represents the critical damage zone size - co.  
 
(7.6) 
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Figure 7.1 and 7.2 show the model applied to PTRT and PCRT test data in the form of plots 
of applied stress as a function of damage zone size.  The derived fracture toughness values 
(Kc) with derived Gc values for the entire test data set are given in Table 7.1 together with a 
toughness value (Gc) calculated assuming isotropic behaviour, taking the measured 
unnotched modulus (E) from Table 5.2 and using 0.3 for Poisson’s ratio (υ).  
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Figure 7.1   FM/DG model applied to tensile RT (PTRT) results. The horizontal line 
represents the notched strength, the decreasing curve is the fracture mechanics portion of the 
model (Eqn. 7.1) representing catastrophic failure and the increasing curve represents the 
growth of damage (Eqn. 7.2). The intersection of these three curves is the critical damage 
zone size obtained by fitting Kc in Eqn. 7.1. 
 
Figure 7.2   FM/DG model applied to compressive RT (PCRT) results 
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Figure 7.3   FM/DG model applied to tensile HW (PTHW) results 
 
 
Figure 7.4   FM/DG model applied to compressive HW (PCHW) results 
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Figure 7.5 FM/DG model applied to tensile CD (PTCD) results 
Figure 7.6   FM/DG model applied to compressive CD (PCCD) results 
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7.2.3 Variation in test data 
The application of the FM/DG model also gives the possibility of predicting the spread in 
unnotched strength data from the spread in the notched strength data or vice versa.  Figure 
7.1 through to Figure 7.6 show horizontal lines (dashed) corresponding to the notched 
strength and ± 1 standard deviation (SD) of the notched strength and damage growth curves 
based on the mean unnotched strength and ± 1 SD of the unnotched strength.  If the fracture 
toughness is taken as constant, then it can be seen that the damage growth curve at + 1 SD 
intersects the fracture mechanics curve at a location leading to a notched strength value that 
is close to the line representing +1 SD of the notched mean strength.   
 
Table 7.1, below demonstrates this in a quantitative manner, with the calculated standard 
deviation for the unnotched strength data using the standard deviation for the notched 
strength data.  The PTRT and PCRT data exhibit somewhat larger unnotched strength 
variations than those calculated (63.9 MPa and 60.6 MPa compared to 50 MPa and 44 MPa, 
respectively), perhaps suggesting some irregular results during the unnotched tests.  
Nevertheless, the predicted unnotched strength variations for the PTHW, PTCD, PCHW, and 
PCCD are in close agreement with those derived from the model.  
 
Table 7.1 shows large variations in RT in tensile (± 63.9 MPa) and compressive loads (± 
60.9 MPa). Examining the distribution curves in Figures 6.3 and 6.4 it can be seen that there 
are a number of low values which are separate from the others despite having passed the 
outlier test.  This will ultimately result in a low design allowable. 
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Table 7.1   Derived fracture parameters (Kc and Gc) and comparison of experimental and 
predicted unnotched variation (± 1 SD) for each test condition. Significantly large 
variations are shown underlined.* For 5 mm circular hole in a laminate of 
T800/924C  in configurations of [(±45, 0)2)3] s and † [45/02/902/02/902/02]s  
 
 
 
Specimen
Derived Kc 
- MPa. √m 
Gc 
- kJ/m2 
Published 
Fracture 
toughness Kc 
MPa. √m 
Exp. 
Notched  
(± 1SD) - 
MPa 
Exp. 
Unnotched
(± 1SD) - 
MPa 
Predicted 
Unnotched 
(± 1SD) - 
MPa 
PTRT 46.5 38.7 - 17.9 63.9 50.0 
PTHW 57.0 59.3 - 20.9 48.7 46.0 
PTCD 49.0 42.7 - 25.5 54.7 56.0 
PCRT 44.5 37.9 
42.5 (Soutis 
2000)† 
16.8 60.6 44.0 
PCHW 44.0 38.1 
40.8 (Soutis 
2008)* 
19.4 49.2 48.0 
PCCD 65.5 81.1 - 24.5 48.5 48.0 
 
7.3 Discussion and concluding remarks 
It has been shown that a Damage Growth/ Fracture Mechanics model may be applied using 
notched and unnotched experimental data, to obtain reasonable values for the laminate 
fracture mechanics parameters under the different test conditions.  
 
However, although the apparent fracture toughness, Kc values and Gc values appear 
reasonable (Table 7.1) when compared with other data in the literature (Soutis et al, 2000 
and Soutis, 2008) further work might be required to verify these parameters because no 
fracture toughness tests were performed in this work.    
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Nevertheless, some qualitative statements may be made.  For instance, the highest fracture 
mechanics parameters (i.e. greatest toughness) are obtained under HW (Hot Wet) conditions 
in tension and under CD (Cold Dry) conditions in compression. The HW condition result can 
be attributed to residual stress relaxation and plasticization of the matrix, while the CD result 
may be attributed to the stiffening of the matrix, providing a greater resistance to local fibre 
micro-buckling.   
 
This model, therefore,  provides a physically meaningful means of examining the 
relationship between the spread in the notched strength data and the corresponding spread in 
the unnotched strength data (i.e. the standard deviation obtained in notched tests and 
unnotched tests seem reasonable similar). Consequently, this suggests that the damage 
growth model may be used to obtain a reasonably accurate prediction of strength for 
unnotched laminates using notched specimens and indeed vice-versa provided the toughness 
value is set. Therefore, this can potentially reduce the extent of testing required for 
generating composite aerospace design allowables. 
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CHAPTER 8 CONCLUDING REMARKS & FURTHER WORK 
8.1  Concluding remarks 
The aim of this work was to explore whether using specific specimen geometry (i.e. notched 
specimens) can provide representative design values and failure modes, and reduce the 
number of samples required to provide a design allowable, over a range of test conditions, 
using the corresponding variation and relationship between notched laminate damage and 
available predictive models. This will provide a more economic and more representative 
design allowable.  
 
The results show that notched CFRP quasi-isotropic laminate specimens containing a 
centrally placed six mm diameter hole exhibit significantly less variation in tensile and 
compressive failure strength than unnotched specimens.  Sampling the data with respect to 
specimen quantity suggests a mean strength may be obtained with fewer tests if notched 
specimens are used.   It has been shown that a reasonably accurate modulus may be obtained 
from notched specimens (using a low strain modulus) and that a corresponding modulus is 
achievable between the notched and unnotched specimens.   
 
When considering the unnotched data, the best fit distribution model is more varied; the 
consequence is that there is a much greater chance of obtaining a lower B-basis design 
allowable than when using the notched B-basis values.    
 
It has also been shown that a damage-growth/fracture mechanics model may be applied, by 
employing notched and unnotched experimental data, to obtain a reasonable prediction of 
fracture toughness; although further work would be required to validate these Kc values.  It 
can also be seen that the spread in experimental unnotched data translates, with varying 
degrees of success, into a smaller variation in the notched specimens and vice versa. This can 
also be used to predict notched, unnotched strength or fracture toughness provided two of 
these parameters are known. 
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8.2 Further work 
There are areas of this work that would benefit from further investigation.  At present, the 
apparent fracture toughness has been estimated to be within published reasonable range of 
fracture toughness values therefore the verification of the fracture toughness values that 
enable the relationship between notched and unnotched results to be described, particularly 
in HW and CD conditions may be interesting.   
 
It has also been observed that in CD conditions there is a change in failure mode. There is 
very little data that is widely available regarding the response of composite laminates to CD 
conditions although this is a significant environmental condition for many aerospace 
structures.   It would be of interest to apply the CDG model to other notched and unnotched 
data in the public domain to examine if the relationship holds true for other lay-ups stacking 
sequences or differing matrix and fibre materials.   
 
The position of the strain gauge, although informed, was notional in this study; verification 
of the position would lend support to the potential in extending this model to other material 
configurations with potentially different damage zones emanating from the edge of the hole. 
There may also be potential for the results of this work to be employed in finite element 
analysis methods employed within the composite structural design pyramid. 
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APPENDICES 
Appendix A: Experimental methods and results 
 
Table A.1 Typical cured ply property values - MTM44/HTS (12K); data supplied by 
Advanced Composite Group 
Property Typical value 
Tensile strength (MPa) 2044 
Tensile modulus (GPa) 123.5 
Tensile strain to failure (%) 1.66 
Major tensile Poisson’s ratio 0.31 
Minor tensile Poisson’s ratio 0.02 
Compressive strength (MPa) 1403 
Compressive modulus (GPa) 115.9 
Compressive strain to failure (%) 1.21 
Major compressive Poisson’s ratio 0.34 
Minor compressive Poisson’s ratio 0.03 
Transverse tensile strength (MPa) 45.5 
Transverse tensile modulus (GPa) 8.5 
Transverse tensile failure strain (%) 0.56 
Transverse compressive strength (MPa) 215 
Transverse compressive modulus (GPa) 9.9 
Transverse compressive strain (%) 2.25 
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Table A.2   Typical fibre property values; data supplied by Advanced Composite Group 
Property Typical value 
Tensile strength (MPa) 4300 
Tensile modulus (GPa) 240 
Elongation at break (%) 1.8 
Density (g cm-3) 1.77 
Thermal conductivity (W mK-1) 17 
Coefficient of thermal expansion (10-6 K-1) -0.1 
Specific heat capacity (J kgK-1) 710 
 
 
 
 
Table A.3   Typical matrix property values (*200 hours immersed at 70°C) ; data supplied by 
Advanced Composite Group 
Property Mean value 
Tensile strength (MPa) 70 
Tensile modulus (GPa) 3.3 
Strain to failure (%) 2.6 
Density (g cm-3) 1.18 
Compression strength (MPa) 144 
Compression modulus (GPa) 3.3 
Strain to failure (%) 4.5 
Poisson’s ratio 0.31 
Fracture toughness (J m-2) 485 
Glass transition temperature (°C) 190 
Glass transition temperature – wet* (°C) 150 
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Table A.4   Mechanical Data for ACG ACM Production MTM44/HTS5631 12k 268 g sm 
UD material: 16-ply Quasi-isotropic to AITM test methods; data supplied by ACG 
Specimen  Actual Mean SD C o V 
UNNOTCHED TENSILE      
Strength (MPa)       
RT Dry 586.2 37.7 6.4 
Modulus (GPa)       
RT Dry 50.8 1.4 2.8 
NOTCHED TENSILE       
OHT Strength (MPa)       
RT Dry 376.0 30.0 8.0 
UNNOTCHED COMPRESSION       
Strength (MPa)       
RT Dry 581.0 35.8 6.2 
NOTCHED COMPRESSION       
OHC Strength (MPa)       
RT Dry 271.4 20.9 7.7 
BOLT BEARING       
Strength (MPa)       
Ultimate Strength 982.2 44.44 4.5 
IN-PLANE SHEAR       
Strength (MPa)       
RT Dry 70.7 1.0 1.4 
Modulus (GPa)       
RT Dry 3.67 0.19 5.3 
COMPRESSION AFTER IMPACT       
Strength (MPa)       
CAI (6.7 J/mm) 215.3 8.34 3.9 
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Figure A.1   Typical thermal stability results for HW and CD test conditions. (Thermocouple 
placed on specimen surface) 
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Figure A.2   Stress – strain curve showing shift in strain gauge reading at low strain (0.15 %) 
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Appendix B: Mechanical data & statistical comparison 
 
Table B. 1 Location of maximum, mean, and minimum strength specimens. 
 (* Outlier – removed from analysis) 
 
Specimen Type Maximum Mean Minimum 
PTRT PT-09-4 (883) PT-21-2 (758) PT-06-1 (624) 
PTHW PT-08-3-H (876) PT-07-04 (797) PT-08-1-H (714) 
PTCD PT-22-1-C (876) PT-18-4-C (759) PT-23-1-C (689) 
PCRT PC-24-2B (675) PC-25-2T (549) 
PC-13-1B (407) PC-18-2B 
(361*) 
PCHW PC-14-1B-H (570) PC-12-3T-H (508) PC-04-1T-H (411) 
PCCD PC-20-1T-C (647) PC-01-3T-C (596.) 
PC-20-3T-C (559.).PC-16-
2B-C (470*) 
OHTRT OHT-22-3 (39) OHT-11-4 (363) OHT-20-1 (328) 
OHTHW OHT-26-3-H (447) OHT-13-3-H (418) OHT-04-4-H (377) 
OHTCD OHT-25-4-C (404) OHT-25-3-C (374) OHT-20-1-C (320) 
OHCRT OHC-03-1T (337) OHC-22-3B (310.) OHC-01-3B (276) 
OHCHW OHC-04-1B-H (337) OHC-10-3T-H (304) OHC-10-1T-H (267) 
OHCCD OHC-16-2T-C (422) OHC-25-3T-C (391) 
OHC-26-3T-C (375) (OHC-
15-1T-C) (325*) 
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Figure B.1 Weibull plot showing unnotched tensile (PT) and compressive                                      
(PC) data for each condition 
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Figure B.2 Weibull plot showing notched tensile (OHT) and                                               
compressive (OHC) data for each condition 
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Table B.2   Computed values for the unnotched tensile Weibull plot (N=47, mean strength of 
pooled data 771 MPa) 
Specimen 
Strength 
– σ (MPa) 
Failure 
location 
j Ps 1/Ps ln 
(1/Ps) 
ln ln (1/Ps) ln (σ)  (σ/σ mean) ln (σ/σ 
mean) 
PT-06-1 624 T 1 0.98 1.02 0.02 -4.14 6.44 0.81 -0.21 
PT-19-1 652 T 2 0.96 1.04 0.04 -3.28 6.48 0.85 -0.17 
PT-23-1-C 689 T 3 0.94 1.06 0.06 -2.82 6.53 0.89 -0.11 
PT-03-2 697 T 4 0.92 1.09 0.08 -2.50 6.55 0.90 -0.10 
PT-23-4 700 T 5 0.90 1.11 0.11 -2.25 6.55 0.91 -0.10 
PT-24-1-C 708 T 6 0.88 1.14 0.13 -2.04 6.56 0.92 -0.09 
PT-19-1-C 709 T 7 0.86 1.17 0.15 -1.87 6.56 0.92 -0.08 
PT-17-1 712 T 8 0.84 1.20 0.18 -1.72 6.57 0.92 -0.08 
PT-18-3-C 713 G 9 0.82 1.23 0.20 -1.59 6.57 0.92 -0.08 
PT-08-1-H 714 T 10 0.79 1.26 0.23 -1.47 6.57 0.93 -0.08 
PT-18-1-C 722 G 11 0.77 1.29 0.26 -1.36 6.58 0.94 -0.07 
PT-12-2 734 T 12 0.75 1.33 0.29 -1.26 6.60 0.95 -0.05 
PT-19-3-C 735 T 13 0.73 1.37 0.31 -1.16 6.60 0.95 -0.05 
PT-14-2 750 T 15 0.69 1.45 0.37 -0.99 6.62 0.97 -0.03 
PT-01-4-H 751 T 16 0.67 1.50 0.40 -0.91 6.62 0.97 -0.03 
PT-06-3 751 G 17 0.65 1.55 0.44 -0.83 6.62 0.97 -0.03 
PT-10-1-H 754 T 18 0.63 1.60 0.47 -0.76 6.62 0.98 -0.02 
PT-05-3 754 T 19 0.60 1.66 0.50 -0.69 6.63 0.98 -0.02 
PT-18-2-C 756 G 20 0.58 1.71 0.54 -0.62 6.63 0.98 -0.02 
PT-02-3-C 756 G 21 0.56 1.78 0.58 -0.55 6.63 0.98 -0.02 
PT-21-2 758 G 22 0.54 1.85 0.61 -0.49 6.63 0.98 -0.02 
PT-18-4-C 759 G 23 0.52 1.92 0.65 -0.42 6.63 0.98 -0.02 
PT-02-2-C 771 T 24 0.50 2.01 0.70 -0.36 6.65 1.00 0.00 
PT-02-1 775 T 25 0.48 2.09 0.74 -0.30 6.65 1.00 0.00 
PT-19-4 780 T 26 0.46 2.19 0.78 -0.24 6.66 1.01 0.01 
PT-07-2-H 785 T 27 0.44 2.30 0.83 -0.18 6.67 1.02 0.02 
PT-13-2 785 T 28 0.41 2.41 0.88 -0.13 6.67 1.02 0.02 
PT-12-4 789 T 29 0.39 2.54 0.93 -0.07 6.67 1.02 0.02 
PT-20-3-C 792 G 30 0.37 2.69 0.99 -0.01 6.67 1.03 0.03 
PT-11-3 796 T 31 0.35 2.85 1.05 0.05 6.68 1.03 0.03 
PT-07-4-H 797 G 32 0.33 3.03 1.11 0.10 6.68 1.03 0.03 
PT-04-3-H 798 T 33 0.31 3.24 1.18 0.16 6.68 1.04 0.03 
PT-07-3-H 809 T 34 0.29 3.48 1.25 0.22 6.70 1.05 0.05 
PT-10-4 813 T 35 0.27 3.75 1.32 0.28 6.70 1.05 0.05 
PT-03-3-H 816 T 36 0.25 4.08 1.40 0.34 6.70 1.06 0.06 
PT-20-4 817 T 37 0.22 4.46 1.49 0.40 6.71 1.06 0.06 
Appendices 
171 
Table B.2   (continued) Computed values for the unnotched tensile Weibull plot (N=47, 
mean strength of pooled data 771 MPa) 
Specimen 
Strength 
– σ (MPa) 
Failure 
location 
j Ps 1/Ps ln (1/Ps) ln ln (1/Ps) ln (σ)  (σ/σ mean) ln (σ/σ mean)
PT-12-3 823 T 38 0.20 4.92 1.59 0.47 6.71 1.07 0.07 
PT-02-4-C 824 G 39 0.18 5.49 1.70 0.53 6.71 1.07 0.07 
PT-22-2-C 834 G 40 0.16 6.21 1.83 0.60 6.73 1.08 0.08 
PT-13-4 835 G 41 0.14 7.15 1.97 0.68 6.73 1.08 0.08 
PT-08-4-H 836 T 42 0.12 8.42 2.13 0.76 6.73 1.08 0.08 
PT-11-1 842 T 43 0.10 10.24 2.33 0.84 6.74 1.09 0.09 
PT-08-2-H 858 T 44 0.08 13.07 2.57 0.94 6.75 1.11 0.11 
PT-22-1-C 876 T 45 0.06 18.05 2.89 1.06 6.78 1.14 0.13 
PT-08-3-H 876 T 46 0.03 29.15 3.37 1.22 6.78 1.14 0.13 
PT-09-4 884 T 47 0.01 75.80 4.33 1.47 6.78 1.15 0.14 
 
Table B.3  Computed values for the unnotched compressive Weibull plot (N=53, mean 
strength 557 MPa) 
Specimen 
Strength – σ 
(MPa) j Ps 1/Ps ln (1/Ps) 
ln ln 
(1/Ps) 
ln (σ) (σ/σ mean) ln (σ/σ mean) 
PC-13-1B 407 1 0.99 1.01 0.01 -4.26 6.01 0.73 -0.31 
PC-04-1T-H 411 2 0.97 1.03 0.03 -3.40 6.02 0.74 -0.30 
PC-14-1T-H 455 3 0.95 1.05 0.05 -2.94 6.12 0.82 -0.20 
PC-24-3T 478 4 0.93 1.08 0.07 -2.62 6.17 0.86 -0.15 
PC-06-1T-H 486 5 0.91 1.10 0.09 -2.37 6.19 0.87 -0.14 
PC-26-2B 490 6 0.89 1.12 0.11 -2.17 6.19 0.88 -0.13 
PC-13-2B 495 7 0.87 1.14 0.14 -2.00 6.20 0.89 -0.12 
PC-06-3T 503 8 0.85 1.17 0.16 -1.85 6.22 0.90 -0.10 
PC-22-3T 505 9 0.84 1.20 0.18 -1.72 6.22 0.91 -0.10 
PC-23-3T 505 10 0.82 1.22 0.20 -1.60 6.22 0.91 -0.10 
PC-12-3T-H 507 11 0.80 1.25 0.22 -1.49 6.23 0.91 -0.09 
PC-06-1T 520 12 0.78 1.28 0.25 -1.39 6.25 0.93 -0.07 
PC-24-3B 529 13 0.76 1.31 0.27 -1.30 6.27 0.95 -0.05 
PC-08-3B-H 532 14 0.74 1.35 0.30 -1.21 6.28 0.96 -0.05 
PC-13-2B 534 15 0.72 1.38 0.32 -1.13 6.28 0.96 -0.04 
PC-13-3T 534 16 0.70 1.42 0.35 -1.05 6.28 0.96 -0.04 
PC-08-1B-H 537 17 0.69 1.46 0.38 -0.98 6.29 0.96 -0.04 
PC-21-2T 539 18 0.67 1.50 0.40 -0.91 6.29 0.97 -0.03 
PC-03-2B-H 540 19 0.65 1.54 0.43 -0.84 6.29 0.97 -0.03 
PC-25-2T 549 20 0.63 1.59 0.46 -0.77 6.31 0.99 -0.01 
PC-06-2T 550 21 0.61 1.64 0.49 -0.71 6.31 0.99 -0.01 
PC-07-3T-H 551 22 0.59 1.69 0.52 -0.65 6.31 0.99 -0.01 
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Table B.3  (continued) Computed values for the unnotched compressive Weibull plot (N=53, 
mean strength 557 MPa) 
Specimen 
Strength – σ 
(MPa) j Ps 1/Ps ln (1/Ps) ln ln (1/Ps) ln (σ) (σ/σ mean) ln (σ/σ mean) 
PC-26-2T 554 23 0.57 1.74 0.56 -0.59 6.32 0.99 -0.01 
PC-04-2T-H 556 24 0.56 1.80 0.59 -0.53 6.32 1.00 0.00 
PC-06-3B-H 558 25 0.54 1.86 0.62 -0.47 6.32 1.00 0.00 
PC-20-3T-C 559 26 0.52 1.93 0.66 -0.42 6.33 1.00 0.00 
PC-21-1B 559 27 0.50 2.00 0.70 -0.36 6.33 1.01 0.01 
PC-02-3B 561 28 0.48 2.08 0.73 -0.31 6.33 1.01 0.01 
PC-17-1B-C 562 29 0.46 2.17 0.77 -0.26 6.33 1.01 0.01 
PC-21-3B 563 30 0.44 2.26 0.82 -0.20 6.33 1.01 0.01 
PC-12-2B 566 31 0.42 2.36 0.86 -0.15 6.34 1.02 0.02 
PC-14-1B-H 569 32 0.41 2.47 0.90 -0.10 6.34 1.02 0.02 
PC-20-1B 572 33 0.39 2.59 0.95 -0.05 6.35 1.03 0.03 
PC-17-3T-C 580 34 0.37 2.72 1.00 0.00 6.36 1.04 0.04 
PC-20-1T 580 35 0.35 2.87 1.05 0.05 6.36 1.04 0.04 
PC-25-3B 582 36 0.33 3.03 1.11 0.10 6.37 1.05 0.04 
PC-24-1B 582 37 0.31 3.21 1.17 0.15 6.37 1.05 0.05 
PC-22-1T 586 38 0.29 3.42 1.23 0.21 6.37 1.05 0.05 
PC-12-1B 587 39 0.27 3.65 1.29 0.26 6.38 1.05 0.05 
PC-01-3T-C 596 40 0.26 3.92 1.37 0.31 6.39 1.07 0.07 
PC-26-1T 597 41 0.24 4.23 1.44 0.37 6.39 1.07 0.07 
PC-03-1B 598 42 0.22 4.59 1.52 0.42 6.39 1.07 0.07 
PC-12-1 602 43 0.20 5.02 1.61 0.48 6.40 1.08 0.08 
PC-23-1B-C 605 44 0.18 5.55 1.71 0.54 6.41 1.09 0.08 
PC-23-1T-C 607 45 0.16 6.19 1.82 0.60 6.41 1.09 0.09 
PC-13-1T 608 46 0.14 7.00 1.95 0.67 6.41 1.09 0.09 
PC-25-1B-C 608 47 0.12 8.06 2.09 0.74 6.41 1.09 0.09 
PC-12-2T 621 48 0.11 9.49 2.25 0.81 6.43 1.11 0.11 
PC-20-1B-C 625 49 0.09 11.54 2.45 0.89 6.44 1.12 0.12 
PC-25-1T-C 633 50 0.07 14.72 2.69 0.99 6.45 1.14 0.13 
PC-08-2T-C 641 51 0.05 20.33 3.01 1.10 6.46 1.15 0.14 
PC-20-1T-C 647 52 0.03 32.85 3.49 1.25 6.47 1.16 0.15 
PC-24-2B 675 53 0.01 85.40 4.45 1.49 6.51 1.21 0.19 
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Table B.4   Computed values for the notched tensile Weibull plot (N=47, mean strength 384 
MPa) 
Specimen Strength – σ (MPa) j Ps 1/Ps ln (1/Ps) ln ln (1/Ps) ln (σ) (σ/σ mean)ln (σ/σ mean)
OHT-20-1-C 320 1 0.98 1.02 0.02 -4.14 5.77 0.83 -0.18 
OHT-20-1 328 2 0.96 1.04 0.04 -3.28 5.79 0.86 -0.16 
OHT-26-2 337 3 0.94 1.06 0.06 -2.82 5.82 0.88 -0.13 
OHT-09-2 347 4 0.92 1.09 0.08 -2.50 5.85 0.90 -0.10 
OHT-06-2 350 5 0.90 1.11 0.11 -2.25 5.86 0.91 -0.09 
OHT-22-1-C 351 6 0.88 1.14 0.13 -2.04 5.86 0.92 -0.09 
OHT-20-2-C 352 7 0.86 1.17 0.15 -1.87 5.86 0.92 -0.09 
OHT-11-2 352 8 0.84 1.20 0.18 -1.72 5.86 0.92 -0.09 
OHT-25-1-C 352 9 0.82 1.23 0.20 -1.59 5.86 0.92 -0.09 
OHT-05-1 356 10 0.79 1.26 0.23 -1.47 5.87 0.93 -0.08 
OHT-24-4 357 11 0.77 1.29 0.26 -1.36 5.88 0.93 -0.07 
OHT-03-4 357 12 0.75 1.33 0.29 -1.26 5.88 0.93 -0.07 
OHT-13-1 359 13 0.73 1.37 0.31 -1.16 5.88 0.94 -0.07 
OHT-10-2 362 14 0.71 1.41 0.34 -1.07 5.89 0.94 -0.06 
OHT-11-4 363 15 0.69 1.45 0.37 -0.99 5.89 0.95 -0.06 
OHT-25-2-C 368 16 0.67 1.50 0.40 -0.91 5.91 0.96 -0.04 
OHT-06-4 368 17 0.65 1.55 0.44 -0.83 5.91 0.96 -0.04 
OHT-05-2 368 18 0.63 1.60 0.47 -0.76 5.91 0.96 -0.04 
OHT-18-2-C 368 19 0.60 1.66 0.50 -0.69 5.91 0.96 -0.04 
OHT-21-1-C 371 20 0.58 1.71 0.54 -0.62 5.91 0.97 -0.04 
OHT-18-1-C 373 21 0.56 1.78 0.58 -0.55 5.92 0.97 -0.03 
OHT-25-3-C 374 22 0.54 1.85 0.61 -0.49 5.92 0.97 -0.03 
OHT-04-4-H 377 23 0.52 1.92 0.65 -0.42 5.93 0.98 -0.02 
OHT-24-3 381 24 0.50 2.01 0.70 -0.36 5.94 0.99 -0.01 
OHT-23-4-C 381 25 0.48 2.09 0.74 -0.30 5.94 0.99 -0.01 
OHT-01-1-H 389 26 0.46 2.19 0.78 -0.24 5.96 1.01 0.01 
OHT-24-1 389 27 0.44 2.30 0.83 -0.18 5.96 1.01 0.01 
OHT-21-1 390 28 0.41 2.41 0.88 -0.13 5.97 1.02 0.02 
OHT-22-3 390 29 0.39 2.54 0.93 -0.07 5.97 1.02 0.02 
OHT-25-5-C 394 30 0.37 2.69 0.99 -0.01 5.98 1.03 0.03 
OHT-19-5-C 395 31 0.35 2.85 1.05 0.05 5.98 1.03 0.03 
OHT-05-4-H 398 32 0.33 3.03 1.11 0.10 5.99 1.04 0.04 
OHT-07-4-H 403 33 0.31 3.24 1.18 0.16 6.00 1.05 0.05 
OHT-12-1-H 404 34 0.29 3.48 1.25 0.22 6.00 1.05 0.05 
OHT-25-4-C 404 35 0.27 3.75 1.32 0.28 6.00 1.05 0.05 
OHT-22-4-C 405 36 0.25 4.08 1.40 0.34 6.00 1.05 0.05 
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Table B.4  (continued) Computed values for the notched tensile Weibull plot (N=47, mean 
strength 384 MPa) 
Specimen 
Strength 
 – σ (MPa) j Ps 1/Ps ln (1/Ps) ln ln (1/Ps) ln (σ) (σ/σ mean)
ln  
(σ/σ mean) 
OHT-01-5-H 407 37 0.22 4.46 1.49 0.40 6.01 1.06 0.06 
OHT-10-3-H 416 38 0.20 4.92 1.59 0.47 6.03 1.08 0.08 
OHT-21-3-C 417 39 0.18 5.49 1.70 0.53 6.03 1.09 0.08 
OHT-13-3-H 418 40 0.16 6.21 1.83 0.60 6.04 1.09 0.09 
OHT-03-1-H 430 41 0.14 7.15 1.97 0.68 6.06 1.12 0.11 
OHT-14-4-H 433 42 0.12 8.42 2.13 0.76 6.07 1.13 0.12 
OHT-09-3-H 433 43 0.10 10.24 2.33 0.84 6.07 1.13 0.12 
OHT-04-1-H 436 44 0.08 13.07 2.57 0.94 6.08 1.14 0.13 
OHT-04-2-H 436 45 0.06 18.05 2.89 1.06 6.08 1.14 0.13 
OHT-26-4-H 441 46 0.03 29.15 3.37 1.22 6.09 1.15 0.14 
OHT-26-3-H 446 47 0.01 75.80 4.33 1.47 6.10 1.16 0.15 
 
 Table B.5   Computed values for the notched compressive Weibull plot (N=63, mean 
strength 327 MPa) 
Specimen 
Strength 
 – σ (MPa) j Ps 1/Ps ln (1/Ps) 
ln ln 
(1/Ps) ln (σ) (σ/σ mean)
ln  
(σ/σ mean) 
OHC-10-1T-H 267 1 0.99 1.01 0.01 -4.43 5.59 0.82 -0.20 
OHC-01-3B 276 2 0.97 1.03 0.03 -3.58 5.62 0.84 -0.17 
OHC-11-2B-H 281 3 0.96 1.05 0.04 -3.12 5.64 0.86 -0.15 
OHC-14-3B-H 281 4 0.94 1.06 0.06 -2.80 5.64 0.86 -0.15 
OHC-14-1T 283 5 0.93 1.08 0.08 -2.55 5.64 0.86 -0.15 
OHC-07-3T 284 6 0.91 1.10 0.10 -2.35 5.65 0.87 -0.14 
OHC-18-3B 287 7 0.89 1.12 0.11 -2.18 5.66 0.88 -0.13 
OHC-09-3B-H 288 8 0.88 1.14 0.13 -2.04 5.66 0.88 -0.13 
OHC-08-1T-H 289 9 0.86 1.16 0.15 -1.91 5.67 0.88 -0.12 
OHC-24-2T 289 10 0.85 1.18 0.17 -1.79 5.67 0.88 -0.12 
OHC-12-3B 290 11 0.83 1.20 0.19 -1.68 5.67 0.89 -0.12 
OHC-02-1T 291 12 0.81 1.23 0.21 -1.58 5.67 0.89 -0.12 
OHC-01-1B 292 13 0.80 1.25 0.22 -1.49 5.68 0.89 -0.11 
OHC-04-3B-H 292 14 0.78 1.28 0.24 -1.41 5.68 0.89 -0.11 
OHC-02-2B 296 15 0.77 1.30 0.26 -1.33 5.69 0.90 -0.10 
OHC-04-2B-H 298 16 0.75 1.33 0.29 -1.25 5.70 0.91 -0.09 
OHC-21-3B 300 17 0.74 1.36 0.31 -1.18 5.70 0.92 -0.09 
OHC-21-3T 300 18 0.72 1.39 0.33 -1.11 5.70 0.92 -0.09 
OHC-07-1T 302 19 0.70 1.42 0.35 -1.05 5.71 0.92 -0.08 
OHC-10-3T-H 304 20 0.69 1.45 0.37 -0.99 5.72 0.93 -0.07 
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Table B.5  (continued).   Computed values for the notched compressive Weibull plot (N=63, 
mean strength 327 MPa) 
Specimen 
Strength 
 – σ (MPa) j Ps 1/Ps ln (1/Ps) ln ln (1/Ps) ln (σ) (σ/σ mean)ln (σ/σ mean)
OHC-01-1T 304 21 0.67 1.49 0.40 -0.92 5.72 0.93 -0.07 
OHC-02-3B 305 22 0.66 1.52 0.42 -0.87 5.72 0.93 -0.07 
OHC-18-1T 306 23 0.64 1.56 0.44 -0.81 5.72 0.94 -0.07 
OHC-23-3B 306 24 0.63 1.60 0.47 -0.76 5.72 0.94 -0.07 
OHC-01-2T 307 25 0.61 1.64 0.50 -0.70 5.73 0.94 -0.06 
OHC-25-3B 307 26 0.59 1.68 0.52 -0.65 5.73 0.94 -0.06 
OHC-22-3B 310 27 0.58 1.73 0.55 -0.60 5.74 0.95 -0.05 
OHC-14-3T-H 310 28 0.56 1.78 0.58 -0.55 5.74 0.95 -0.05 
OHC-18-1B 313 29 0.55 1.83 0.60 -0.50 5.75 0.96 -0.04 
OHC-22-2T 314 30 0.53 1.88 0.63 -0.46 5.75 0.96 -0.04 
OHC-09-2T-H 314 31 0.51 1.94 0.66 -0.41 5.75 0.96 -0.04 
OHC-01-2B 314 32 0.50 2.00 0.70 -0.36 5.75 0.96 -0.04 
OHC-12-3T 315 33 0.48 2.07 0.73 -0.32 5.75 0.96 -0.04 
OHC-23-1T 317 34 0.47 2.14 0.76 -0.27 5.76 0.97 -0.03 
OHC-09-2B-H 318 35 0.45 2.21 0.79 -0.23 5.76 0.97 -0.03 
OHC-22-2B 321 36 0.44 2.29 0.83 -0.19 5.77 0.98 -0.02 
OHC-11-1B-H 321 37 0.42 2.38 0.87 -0.14 5.77 0.98 -0.02 
OHC-04-1T 322 38 0.40 2.47 0.91 -0.10 5.77 0.98 -0.02 
OHC-21-1T 324 39 0.39 2.57 0.95 -0.06 5.78 0.99 -0.01 
OHC-15-1T-C 325 40 0.37 2.68 0.99 -0.01 5.78 0.99 -0.01 
OHC-03-3B 325 41 0.36 2.80 1.03 0.03 5.78 0.99 -0.01 
OHC-24-1T 326 42 0.34 2.93 1.08 0.07 5.79 1.00 0.00 
OHC-16-3T 326 43 0.33 3.07 1.12 0.12 5.79 1.00 0.00 
OHC-22-1B 327 44 0.31 3.23 1.17 0.16 5.79 1.00 0.00 
OHC-02-2T 334 45 0.29 3.40 1.22 0.20 5.81 1.02 0.02 
OHC-23-1B 334 46 0.28 3.60 1.28 0.25 5.81 1.02 0.02 
OHC-04-1B-H 337 47 0.26 3.81 1.34 0.29 5.82 1.03 0.03 
OHC-02-1B 338 48 0.25 4.06 1.40 0.34 5.82 1.03 0.03 
OHC-03-1T 340 49 0.23 4.33 1.47 0.38 5.83 1.04 0.04 
OHC-26-3T-C 375 50 0.21 4.65 1.54 0.43 5.93 1.15 0.14 
OHC-26-2B-C 377 51 0.20 5.02 1.61 0.48 5.93 1.15 0.14 
OHC-18-2T-C 378 52 0.18 5.45 1.70 0.53 5.94 1.16 0.15 
OHC-18-3T-C 381 53 0.17 5.96 1.79 0.58 5.94 1.16 0.15 
OHC-06-2B-C 381 54 0.15 6.58 1.88 0.63 5.94 1.16 0.15 
OHC-15-XB-C 391 55 0.14 7.35 1.99 0.69 5.97 1.19 0.18 
OHC-25-3T-C 391 56 0.12 8.31 2.12 0.75 5.97 1.20 0.18 
OHC-26-1B-C 405 57 0.10 9.57 2.26 0.81 6.00 1.24 0.21 
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Table B.5  (continued).   Computed values for the notched compressive Weibull plot (N=63, 
mean strength 327 MPa) 
Specimen 
Strength 
 – σ (MPa) j Ps 1/Ps ln (1/Ps) ln ln (1/Ps) ln (σ) (σ/σ mean)ln (σ/σ mean)
OHC-17-4B-C 407 58 0.09 11.27 2.42 0.88 6.01 1.24 0.22 
OHC-03-3T-C 407 59 0.07 13.70 2.62 0.96 6.01 1.24 0.22 
OHC-02-3T-C 409 60 0.06 17.48 2.86 1.05 6.01 1.25 0.22 
OHC-03-2T-C 415 61 0.04 24.14 3.18 1.16 6.03 1.27 0.24 
OHC-15-2T-C 417 62 0.03 39.00 3.66 1.30 6.03 1.27 0.24 
OHC-16-2T-C 422 63 0.01 101.40 4.62 1.53 6.05 1.29 0.26 
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Figure B.4 Weibull plot of all unnotched tensile data (N=47, mean strength of all 
specimens. Gauge failures represented by ‘X’. HW specimens depicted in orange,                         
RT in green and CD specimens are shown in blue 
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Figure B.5 Weibull plot of all unnotched compressive data (N=53, mean strength of all 
specimens) 
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Figure B.6 Weibull plot of all notched tensile data (N=47, mean strength of all 
specimens) 
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Figure B.7 Weibull plot of all notched compressive data (N=63, mean strength of all 
specimens) 
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Appendix C:  Predictive model: The relationship between unnotched and notched 
strength 
 
Table C.1   PTRT results with unnotched mean strength = 765 MPa, Y1 = 1.04 and notched 
strength = 362 MPa. Fracture toughness (Kc) to fit was 46.5 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
0.05 3.2564 0.9836 1.0111 1115 250 314 186 
0.1 3.1555 0.9677 1.0113 813 255 318 191 
0.2 2.9730 0.9375 1.0117 610 264 328 200 
0.3 2.8129 0.9091 1.0121 526 273 336 209 
0.5 2.5468 0.8571 1.0129 450 290 353 226 
0.7 2.3366 0.8108 1.0138 414 306 369 242 
1.04 2.0692 0.7426 1.0154 383 331 395 267 
1.05 2.0627 0.7407 1.0155 382 331 395 268 
1.45 1.8463 0.6742 1.0176 363 358 422 294 
1.9 1.6787 0.6122 1.0202 348 384 448 320 
2 1.6490 0.6000 1.0208 345 389 453 326 
2.2 1.5960 0.5769 1.0221 339 400 464 336 
2.4 1.5501 0.5556 1.0235 334 410 473 346 
2.6 1.5102 0.5357 1.0249 329 419 483 355 
2.8 1.4751 0.5172 1.0263 324 427 491 364 
3 1.4442 0.5000 1.0278 319 436 500 372 
3.2 1.4168 0.4839 1.0294 315 444 507 380 
3.4 1.3924 0.4688 1.0310 310 451 515 387 
 
Table C.2   PTHW results with unnotched mean strength = 765 MPa, Y1 = 1.04 and notched 
strength = 418 MPa. Fracture toughness (Kc) to fit was 57 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
0.05 3.2564 0.9836 1.0111 1382 259 308 211 
0.1 3.1555 0.9677 1.0113 1008 264 313 216 
0.2 2.9730 0.9375 1.0117 756 274 323 225 
0.3 2.8129 0.9091 1.0121 652 283 332 234 
0.5 2.5468 0.8571 1.0129 558 301 349 252 
0.7 2.3366 0.8108 1.0138 513 317 366 269 
1.04 2.0692 0.7426 1.0154 475 344 392 295 
1.05 2.0627 0.7407 1.0155 474 344 393 296 
1.45 1.8463 0.6742 1.0176 450 372 420 323 
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Table C.2 (continued) PTHW results with unnotched mean strength = 765 MPa, Y1 = 1.04 
and notched strength = 418 MPa. Fracture toughness (Kc) to fit was 57 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
1.9 1.6787 0.6122 1.0202 431 399 448 350 
2 1.6490 0.6000 1.0208 427 404 453 356 
2.2 1.5960 0.5769 1.0221 420 415 464 367 
2.4 1.5501 0.5556 1.0235 414 425 474 377 
2.6 1.5102 0.5357 1.0249 408 435 484 386 
2.8 1.4751 0.5172 1.0263 402 444 493 395 
3 1.4442 0.5000 1.0278 396 453 501 404 
3.2 1.4168 0.4839 1.0294 390 461 509 412 
3.4 1.3924 0.4688 1.0310 384 468 517 420 
 
Table C.3   PTCD results with unnotched mean strength = 760 MPa, Y1 = 1.04 and notched 
strength = 375 MPa. Fracture toughness (Kc) to fit was 49 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
0.05 3.2564 0.9836 1.0111 1188 248 303 194 
0.1 3.1555 0.9677 1.0113 867 253 308 198 
0.2 2.9730 0.9375 1.0117 650 262 317 207 
0.3 2.8129 0.9091 1.0121 561 271 325 216 
0.5 2.5468 0.8571 1.0129 479 288 342 233 
0.7 2.3366 0.8108 1.0138 441 304 358 249 
1.0 2.0692 0.7426 1.0154 408 329 383 274 
1.1 2.0627 0.7407 1.0155 407 329 384 275 
1.4 1.8463 0.6742 1.0176 387 356 410 301 
1.9 1.6787 0.6122 1.0202 370 382 436 327 
2 1.6490 0.6000 1.0208 367 387 442 332 
2.2 1.5960 0.5769 1.0221 361 397 452 342 
2.4 1.5501 0.5556 1.0235 356 407 461 352 
2.6 1.5102 0.5357 1.0249 350 416 471 361 
2.8 1.4751 0.5172 1.0263 345 425 479 370 
3 1.4442 0.5000 1.0278 340 433 488 378 
3.2 1.4168 0.4839 1.0294 335 441 495 386 
3.4 1.3924 0.4688 1.0310 330 448 503 393 
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Table C.4   PCRT results with unnotched mean strength = 547 MPa, Y1 = 1.04 and notched 
strength = 309 MPa. Fracture toughness (Kc) to fit was 44.5 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
0.001 3.3623 0.9997 1.0109 7388 175 236 115 
0.2 2.9730 0.9375 1.0117 590 188 249 128 
0.4 2.6718 0.8824 1.0125 464 201 261 140 
0.6 2.4357 0.8333 1.0134 415 213 273 152 
0.8 2.2478 0.7895 1.0143 389 224 284 163 
1 2.0960 0.7500 1.0152 373 234 295 174 
1.2 1.9719 0.7143 1.0163 362 244 305 184 
1.4 1.8692 0.6818 1.0173 353 253 314 193 
1.6 1.7833 0.6522 1.0184 346 262 323 202 
1.8 1.7108 0.6250 1.0196 339 270 331 210 
2 1.6490 0.6000 1.0208 334 278 339 218 
2.4 1.5444 0.5528 1.0236 322 293 354 233 
2.8 1.4743 0.5168 1.0263 313 306 366 245 
3.5 1.3812 0.4615 1.0318 298 325 385 264 
4 1.3331 0.4286 1.0362 287 337 397 276 
4.5 1.2955 0.4000 1.0409 278 347 408 287 
5.5 1.2408 0.3529 1.0515 260 365 426 305 
6.5 1.2032 0.3158 1.0638 243 380 441 320 
 
Table C.5   PTHW results with unnotched mean strength = 518 MPa, Y1 = 1.04 and notched 
strength = 300 MPa. Fracture toughness (Kc) to fit was 44 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
0.001 3.3623 0.9997 1.0109 7720 166 227 105 
0.2 2.9730 0.9375 1.0117 617 178 239 118 
0.4 2.6718 0.8824 1.0125 485 190 251 130 
0.6 2.4357 0.8333 1.0134 434 202 262 141 
0.8 2.2478 0.7895 1.0143 407 212 273 151 
1 2.0960 0.7500 1.0152 390 222 283 161 
1.2 1.9719 0.7143 1.0163 378 231 292 171 
1.4 1.8692 0.6818 1.0173 369 240 301 180 
1.6 1.7833 0.6522 1.0184 361 248 309 188 
1.8 1.7108 0.6250 1.0196 355 256 317 196 
2 1.6490 0.6000 1.0208 349 264 324 203 
2.4 1.5444 0.5528 1.0236 337 278 339 217 
2.8 1.4743 0.5168 1.0263 327 290 350 229 
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Table C.5 (continued) PTHW results with unnotched mean strength = 518 MPa, Y1 = 1.04 
and notched strength = 300 MPa. Fracture toughness (Kc) to fit was 44 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) c (mm) 
3.5 1.3812 0.4615 1.0318 311 308 368 247 
4 1.3331 0.4286 1.0362 300 319 380 259 
4.5 1.2955 0.4000 1.0409 290 329 390 269 
5.5 1.2408 0.3529 1.0515 271 346 407 286 
6.5 1.2032 0.3158 1.0638 254 360 421 300 
 
Table C.6   PCCD results with unnotched mean strength = 595 MPa, Y1 = 1.04 and notched 
strength = 392 MPa. Fracture toughness (Kc) to fit was 65.5 MPa. √m 
c (mm) Fo (no units) Ф (no units) Y2 (no units) 
FM 
Exp. Mean 
(MPa) 
DG 
Exp. Mean 
(MPa) 
DG 
(± SD) (MPa) 
0.001 3.3623 0.9997 1.0109 10875 191 239 143 
0.2 2.9730 0.9375 1.0117 869 205 253 157 
.4 2.6718 0.8824 1.0125 683 219 267 171 
0.6 2.4357 0.8333 1.0134 611 232 280 184 
0.8 2.2478 0.7895 1.0143 573 244 292 196 
1 2.0960 0.7500 1.0152 549 255 303 207 
1.2 1.9719 0.7143 1.0163 532 266 314 218 
1.4 1.8692 0.6818 1.0173 520 276 324 228 
1.6 1.7833 0.6522 1.0184 509 285 333 237 
1.8 1.7108 0.6250 1.0196 499 294 342 246 
2 1.6490 0.6000 1.0208 491 303 351 255 
2.4 1.5444 0.5528 1.0236 475 319 367 271 
2.8 1.4743 0.5168 1.0263 461 333 381 285 
3.5 1.3812 0.4615 1.0318 438 354 402 306 
4 1.3331 0.4286 1.0362 423 367 415 319 
4.5 1.2955 0.4000 1.0409 409 378 426 330 
5.5 1.2408 0.3529 1.0515 382 398 446 350 
6.5 1.2032 0.3158 1.0638 358 414 462 366 
 
